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Foreword

The many benefits of our modern, developing industrial society are accompanied
by certain hazards. Careful assessment of the risk of existing and new man-
made environmental hazards is necessary to establish sound regulatory policy.
Environmental regulations enhance the quality of our environment in order to
promote the public health and welfare and the productive capacity of our
nation’s population.

The Health Effects Research Laboratory conducts a coordinated environmental
health research program in toxicology and clinical studies. These studies
address problems in air pollution, radiofrequency radiation, environmental
carcinogenesis, and the toxicology of pesticides, as well as other chemical
poliutants. The Laboratory participates in the development and revision of air
quality criteria documents on poliutants for which national ambient air quality
standards exist or are proposed, provides the data for registration of new
pesticides or proposed suspension of those already in use, conducts research on
hazardous and toxic materials, and is primarily responsible for providing the
health basis for radiofrequency radiation guidelines. Direct support to the
regulatory function of the Agency is provided in the form of expert testimony and
preparation of affidavits as well as expert advice to the Administrator.

The intent of this document is to provide a comprehensive review of the scientific
literature on the biological effects of radiofrequency radiation. The purpose of
this effort is to evaluate critically the current state of knowledge for its
pertinence and applicability in developing radiofrequency-radiation exposure
guidelines for the general public.

F. G. Hueter, Ph.D.
Director
Health Effects Research Laboratory
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Abstract

This document presents a critical review of the available literature on the
biological effects of radiofrequency (RF) radiation. The objective was to
summarize and evaluate the existing database for use in developing RF-
radiation exposure guidance for the general public.

The frequency range of concern in this document is 0.5 MHz to 100 GHz, which
includes nearly all the significant sources of population exposure to RF radiation,
except 60-Hz electrical power systems. Research reports that are judged to be
credible according to a set of objective criteria are examined for the relation
between the RF energy absorbed and the presence or absence of biological
effects. The reported consequences of the interaction between RF radiation and
biological systems are examined from two perspectives: whole-body-averaged
specific absorption rate (SAR) and RF-energy-induced core-temperature
increases.

The existing database provides sufficient evidence about the relation between
RF-radiation exposure and biological effects to permit development of exposure
limits to protect the health of the general public. It has been concluded from this
review that biological effects occur at an SAR of about 1 W/kg; some of them
may be significant under certain environmental conditions.
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Section 1
Introduction

Daniel F. Cahill
Joe A. Elder

The goal and purpose of this document is review and
evaluation of the available scientific information onthe
biological effects of radiofrequency (RF) radiation. To
address this broad topic most effectively and to
present the information in the most useful form,
several guidelines and simplifying assumptions were
adopted. It is in the selection and employment of
these guidelines and assumptions that differences of
opinion are most likely to arise. These guidelines and
assumptions are as follows:

1. The frequency range of interest is defined as 0.5
MHz to 100 GHz. This range includes nearly all the
frequencies that serve as significant sources of
population exposure {e.g., AM, FM, land mobile,
and amateur radio; UHF and VHF TV; and air traffic
control radar).

The general public is the population of concern.
Therefore, far-field exposures are the more usual
condition, rather than the near-field exposures
commonly associated with the workplace.
Wherever possible, the impact on all ages is
considered, not only on heaithy adults, who are of
principal concern in occupational- exposures.

. Dose rate is defined by the specific absorption rate
(SAR), which is used to normalize the rate of RF
energy input into biological systems across this
frequency range. The SAR is the mass-normalized
rate at which the energy of an electromagnetic
(EM) field is coupled into an absorbing body; the
units are watts per kilogram (W/kg). inherent in
the use of a single, whole-body-averaged SAR
value is a disregard of nonuniform RF energy
deposition patterns and possible local SAR values
in excess of the average. However, the data that
describe the distribution patterns of RF energy in
biological systems over a frequency band as broad

as 0.5 MHz to 100 GHz are far too incomplete at"

this time to be directly useful.

. In reports of pulsed RF-radiation exposure
experiments the time-averaged SAR is considered,
although controversy exists as to whether some
biological effects are functions of the temporal
pattern of energy delivery or only the result of total
energy input.

1-1

5. We have accepted “no effects” data in credible
reports as highly valuable in our review of the state
of knowledge in this area. Both “effects” and "'no
effects” studies are used to determine the extent
of the biological interactions of RF radiation.

6. We are assuming that data derived from the use of
experimental mammalian systems have relevance

for the human situation.

This document presents only the biological effects
of RF radiation. The benefits of RF radiation are
not considered, and therefore no benefit/risk
analysis is undertaken.

A draft of this report (Cahill and Elder 1983) was
published in June 1983 and transmitted to EPA’s
Science Advisory Board (SAB) for review of its
scientific and technical merit (Federal Register
1983a). The initial review by the SAB Subcommittee
of the Biological Effects of Radiofrequency Radiation
was held on September 22-23, 1983 (Federal
Register 1983b); the second review occurred on
January 24-25, 1984 (Federal Register 1984). A list
of the Subcommittee members is given in Appendix
A.

The June 1983 draft was a critical review of the
literature on the biological effects of radiofrequency
radiation through 1980. The present document is a
revision of the June 1983 draft and is based on the
comments and suggestions of the Subcommittee,
and includes a number of post-1980 references that
were considered important to the conclusions of the
present review of the biological effects of RF radiation
by both the authors and by the Subcommittee
members.






Section 2
Approach

Joe A. Elder
Daniel F. Cahill

2.1 General Approach

Although a comprehensive literature review is
useful, it is even more desirable if the body of
literature is consolidated, analyzed, and synthesized
into a statement or statements that relate the
presence or absence of biological effects to a
meaningful exposure parameter such as dose rate
(SAR). Tothis end, our general approach is essentially
as follows:

1. The reports are evaluated for their scientific
quality and utility. Acceptable reports contain
adequate descriptions of appropriate physical and

biological systems and tests.

. The credible reports are then examined for the
relation between the RF energy absorbed and the
presence or absence of biological effects in the
experimental systems.

2.2 Specific Approach

The literature evaluated for this document includes
English-language publications, numerous English
translations of Soviet research reports obtained
through the U.S. Joint Publications Research Service,
and selected technical reports translated from Polish,
French, italian, and Russian. '

The extant literature base numbers over 5000
citations, but considerably fewer are valuable
in developing exposure guidelines for the following
reasons.

1. Alarge fraction of the literature is available only in
Slavic languages.

2. The research reports are uneven in quality and
usefulness because authors often failed to
include sufficient experimental details to allow
reviewers to estimate critical exposure parameters

such as incident field intensity, dose rate, or dose.

In many review articles, equal currency is given to
the conclusions from properly designed and
executed studies and to those from less stringently
conducted research. Because these uncritical
reviews have contributed to the general confusion
over the health risks associated with RF radiation,
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we have relied on original research papers rather
than review articles and have chosen to be highly
selective in our review.

In reviewing the literature we first evaluate
descriptions of frequency, exposure parameters, RF
Source, experimental species, age, sex, environmental
and biological controls, and the statistics employed;
and whether actual data are displayed or merely
referred to in the text. Many pre-1970 reports are
deficient in one or more of these key areas and are
either rejected outright if the flaws are judged fatal, or
are segregated into the category of reports with
“unresolved issues.” Reports that provide adequate
descriptions of these parameters are further
scrutinized for the appropriateness of biological
systems, tests, sample sizes, controls, and statistics
employed, as well as substantiation of their
conclusions. Reports that clear this second hurdle are
credible reports, but are considered usable only if
biological results are linked explicitly or implicitly to
SAR data from the description of the exposure
parameters. Reports that fail to provide these
parameters are also assigned to the “unresolved
iSssues’’ category.

2.3 Major Sections

Four major sections follow. They are Physical
Principles of Electromagnetic Field Interactions (Sec.
3), Effect of RF-Radiation Exposure on Body
Temperature (Sec. 4), Biological Effects of RF
Radiation (Sec. 5), and Summary and Conclusions
(Sec. 6).

The first part of Sec. 3 presents some introductory
information on electromagnetic field theory. Next,
RF-field interactions with both simple and complex
biological objects, such as the human body, are
discussed and, most important, definitions of RF
dosimetric terms are given. The mechanisms of RF
interactions with biological systems, particularly
molecular systems, are discussed. The remaining two
major subsections described experimental methods
and dosimetric methods used in state-of-the-art
research on the biological effects of RF radiation.

Since the absorption of RF energy by biological
species can lead to an increase in the temperature of
body tissues, it is important to understand how



animals, including man, regulate the additional
thermal input of RF-radiation exposure, both
physiologically and behaviorally. Section 4 is an
introduction to the subject of thermoregulation in
both animais and human beings and, in addition,
discusses the specific effects of RF radiation on
thermoregulatory processes. Also, a description is
included of the mathematical models that are being
used to predict increases in temperature and
activation of thermoregulatory effectors in human
beings in simulated RF fields.

Section 5 is a review of the main body of literature on
the biological effects of RF radiation. The section
contains ten subsections, each of which represents a
biological discipline or major research area, ranging
from subcellular systems to human beings. In each of
the ten areas, the conclusions and generalizations
that can be drawn from the review of the literature are
presented.

In Sec. 6, the major conclusions and generalizations
of Secs. 3, 4, and 5 are presented. Next, many of the
reports are tabulated by biological variable and dose
rate (SAR). In summary, the reported consequences
of the interaction between RF radiation and biological
“systems are examined from two perspectives{whole-
body-averaged SAR and RF-energy-induced core
temperature increases) in order to analyze, synthesize,
and consolidate the review data into statements that
relate biological effects to a meaningful exposure
parameter (dose rate or SAR).
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Section 3
Physical Principles of Electromagnetic Field Interactions

3.1 Elements of Electromagnetic Field
Theory

William T. Joines
3.1.1 Electromagnetic Spectrum

3.1.1.1 Frequency, Wavelength, and Velocity

Oscillating electric charges induce an electromagnetic
(EM) field within the region surrounding the charge
source. In turn, this oscillating induction field—often
called the near field—of the source generates an EM
wave that radiates energy from the region surrounding
the charges. The radiated wave consists of coupled
electric and magnetic fields that oscillate at the same
frequency as the source, and the wave propagates
outward from the source at the velocity of light in the
medium. In free space, this velocity is~3 x 108 m/s,
whereas in a medium with low EM energy dissipation
the velocity is this value divided by the square root of
the material’s dielectric constant relative to that of
free space. In a low-loss material such as fatty tissue,
with a relative dielectric constant of 4, the veiocity of
light is 1.5 x 108 m/s. For an EM wave traveling at
velocity v, the wavelength in the medium is the
distance the wave travels in one time periodor T=1/f,
where f is the oscillation frequency of the wave in
cycles per second, or hertz (Hz). Therefore, the
wavelength A is expressed as
A=v/f

The EM spectrum extends from zero to 1025 Hz (or
cycles/s) and includes the ranges of visible light and
ultraviolet {UV), infrared (IR), X, and gamma rays. The
region from zero to 3000 GHz (lower IR range) is
referred to as the RF region (Sams & Co. 1981). The
region of interest here is the RF band from 0.5 MHz to
100 GHz. The wavelengths in free space for this
frequency band range from 600 m to 3 mm.

3.1.1.2 lonizing and Nonionizing
Electromagnetic Radiation

EM waves of all frequencies carry energy. According

to quantum mechanics, they can also be thought of as
packets of energy called photons. The energy of a
photon is given by

Energy = hf

where h = 6.63 x 10" joule seconds (Planck’s
constant)
f = frequency

The energy of a photon is thus directly proportional to
the frequency of the radiation. When the frequency
approaches or exceeds 3 x 10'® Hz (UV), the photon
energies equal or exceed 2 x 107 J,0r 12.4 eV, and
become comparable to the binding energy of
electrons to atoms. This high-frequency radiation (X
rays, gamma rays, etc.) is referred to as ionizing
radiation. Since even the weakest chemical bonds
have energies that are several orders of magnitude
greater than those of RF or microwave photons ( 1072
eV or less), RF waves are referred to as nonionizing
radiation.

3.1.1.3 Designation of Microwave and
Radiofrequency Bands

Bands of radiofrequencies have been assigned
designations according to frequency or wavelength
as shown in Table 3-1 (Sams & Co. 1981). Typical
uses of the frequencies within a band are also
indicated. Certain radiofrequencies—notably the
industrial, scientific, and medical (ISM) frequencies—
have been assigned by the Federal Communications
Commission for specific applications (Sams & Co.
1981). The ISM frequencies are

13.56 MHz + 6.78 kHz
27.12 MHz £+ 160 kHz
40.68 MHz =+ 20 kHz
915 MHz + 25 MHz
2450 MHz + 50 MHz
5800 MHz + 75 MHz
22,125 MHz £+ 125 MHz

3.1.2 Wave Propagation
Power Density, Electric Field, and Magnetic Field

In_ free space, EM waves spread uniformly in all
directions from a theoretical point source. The

-wavefront, or the surface joining all points of identical

phase, is spherical in this case. As the distance from
the point source increases, the area of the wavefront
surface increases as a square of the distance, so that
the source power is spread over a larger area. If power
density is defined as the ratio of the total radiated
power to the spherical surface area enclosing the
source, the power density W is inversely proportional
to the square of the distance from the source, and can
be expressed as



Table 3-1.

Radiofrequency Bands*

Frequency Wavelength Band Designation Typical Uses
300-3000 GHz 1-0.1 mm Supra EHF Not allocated
(extremely high
. frequency)
30-300 GHz 10-1 mm Extremely high Satellite communications,
frequency (EHF) radar, microwave relay,
radionavigation, amateur radio
3-30 GHz 10-1 em Super high Satellite communications, radar,
frequency (SHF) amateur, taxi, police, fire,
airborne weather radar, ISM
0.3-3 GHz 100-10 cm Ultra high Microwave point to point,
frequency (UHF) amateur, taxi, police, fire
radar, citizens band, radio-
navigation, UHF-TV, microwave
ovens, medical diathermy, ISM
30-300 MHz 10-1m Very high Police, fire, amateur, FM,
frequency (VHF) VHF-TV, industrial RF equipment
diathermy, emergency medical
radio, air traffic control
3-30 MHz 100-10 m High frequency Citizen band, amateur, medical
(HF) diathermy, Voice of America,
broadcast, international
communications, industrial RF
equipment
0.3-3 MH:z 10%-102 m Medium frequency Communications, radio-
{MF) navigation, marine radiophone,
. amateur, industrial RF
equipment, AM broadcast
30-300 kHz 10-1 km Low frequency Radionavigation, marine
(LF} communications, long-range
communications
3-30 kHz 100-10 km Very low Very long range communications,
frequency (VLF) audiofrequencies, navigation
0.3-3 kHz 103-102 km Voice frequency Voice, audiofrequencies
(VF)
30-300 Hz 104-103 km Extremely low Power lines, audiofrequencies,
frequency (ELF) submarine communications
0-30 Hz -10% km Sub-ELF Direct-current power lines
*Sams & Co. 1981.
W = P/4mr? (3-1) where E is in volts per meter, H is in amperes per

where P = transmitted power
r = distance from the source

An isotropic source radiates uniformly in all
directions in space. In practice, there is no source that
has this property, although there are close approxi-
mations. The inverse-square law (Equation 3-1)
applies also when the source is anisotropic
(directional), as long as the medium is homogeneous
and isotropic (e.g., free space or a' medium in which
the velocity of wave propagation does not change
with direction or distance).

An EM wave is also characterized by its electric-field
(E) intensity and its magnetic-field (H) intensity. In an
unbounded medium, the product of E and H is the
power density W, or

W = EH (3-2)
3-2

meter, and W is in watts per square meter. lf the peak
instantaneous values of E and H are used in
Equation 3-2, then W is the peak power density; if
effective or root-mean-square (RMS) values of E and
H are used, then W is the effective or time-averaged
power density. The ratio of E to H is the intrinsic
impedance of the medium n (in ohms), or

n=E/H (3-3)

where n is 1207 ohms in free space. From Equations
3-1 through 3-3, one can express E in free space ata
distance r from an isotropic source radiating total
power P as

E=V30P/r (3-4)
The radiated waves that propagate outward from an

RF or microwave source can be confined to travel
along a two-conductor transmission line (coaxial,



stripline, microstrip, twin iead), or inside a holiow
metal pipe (waveguide). The waves can aliso be
propagated outward into the space that surrounds a
transmitting antenna, as in communications broad-
casting. In this case, the RF or microwave source
forces electrons to oscillate on the surface of a metal
transmitting antenna and thereby produces EM
waves. This is a reciprocal process, for when these
waves strike a receiving antenna, they force electrons
to oscillate, which typically produces current in the
receiver. This reciprocity phenomenon forms the
basis of EM communication systems. Information can
be placed on an EM carrier in several ways, including
amplitude and frequency modulation of the carrier
wave.

3.1.2.1 Sources of Radiofrequency Radiation

There is widespread interest in possible new
applications of RF energy, especially at microwave
frequencies. The growing number of commercial
applications has led to an increased awareness of
potential hazards due to the energy sources used.
Typical sources of RF or microwave energy are
klystrons, magnetrons, planar triodes, backward-
wave oscillators, and semiconductor devices. In all
these sources, energy is imparted to charged particles
or electrons from a convenient supply, usually a direct
voltage and current. A portion of the energy is then
given up by the charged particles in the form of
oscillations in a tuned circuit. Such sources may
operate to produce (1) continuous (CW) radiation, as
in the case of some communications systems; (2)
intermittent radiation, as in microwave ovens,
induction heating equipment, and dicthermy equip-
ment; or (3) radiation in the pulsed (PW)mode in radar
systems.

3.1.2.2 Piane-Wave, Far-Field, and Near-Field
Concepts

Usually the region that is more than a few
wavelengths from the transmitting antenna is called
the far field. In this region, the spatial relationship
between the electric and magnetic fields in the EM
wave is that shown in Figure 3-1. In this diagram, an
EM wave is propagating in a direction perpendicular
to the motion of the electrons in the transmitting
antenna. The electric field E is always perpendicular
to the direction of propagation and lies in the plane
formed by the line of propagation and the motion of
electrons in the antenna. The direction of the electric
vector periodically changes along the direction of
propagation, and its magnitude forms a sine-wave
function. The magnetic field H, which is always
perpendicular to both the electric field E and the
direction of propagation, traces out a sine-wave
function in the same manner as the electric field E.
Figure 3-1 depicts the situation at a particular instant
in time. The entire wave can be pictured as moving in
the direction of propagation at ~ 3 x 108 m/s.

Far-field electromagnetic wave at a particular
instant in time.

Figure 3-1.

Velocity, v

At some distance from the transmitting antenna
{within the far field), the radius of curvature of the
generally spherical wavefronts is large compared
with the diameter of any receiving or detecting object
within the field. At this distance from the antenna the
wavefronts may be treated (for all practical purposes)
as plane surfaces over which the intensity of E and H
is constant. In such regions, E and H form plane
waves. The terms “plane-wave field”” and “far field"”
are often used interchangeably, although the
distinction between the two terms depends on the
size of the receiving object, as stated above.

At distances less than a few wavelengths from a
transmitting antenna, in the near field, the situation
is somewhat complicated because the maxima and
minima of E and H do not occur at the same points
along the direction of propagation as they do in the
far-field case (Figure 3-1). Near-field exposures
become particularly important when one is consider-
ing radiation from microwave ovens, microwave
diathermy equipment, RF sealers, broadcast antennas,
and microwave oscillators under test. For investiga-
tions into the biological effects of RF-radiation
exposure, studies of exposures in the far field are
usually preferable; field strengths in the near field are
more difficult to specify because both E and H mustbe
measured and because the field patterns are more
complicated.

incident power density at a given distance from an
antenna may be calculated from the measured
power transmitted by the antenna, the known
antenna gain G, and effective area A of the antenna.
Antenna gain is defined as the power density at a
peoint in front of the antenna divided by the power
density at the same point if the antenna were
radiating the same total power as an isotropic source.
For any impedance-matched antenna(i.e., one where
all the energy fed to it is transmitted), the ratio of G to
Ais

G/A=4n/A? (3-5)
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The far-field power density is calculated from the Friis
free-space transmission formula (Mumford 1961) as

W = GP/4mr2 = AP/A%r? (3-6)

where A = wavelength
P = power output of the antenna
W = power density on a surface at distance r
from the antenna

It is convenien: to express the far-field free-space
power density in terms of the power density at the
antenna aperture, i.e., Wo=P/A, and hence P = WoA.
Substituting this expression for P in Equation 3-6 and
dividing both sides by Wy, yields

W/Wpo = (A/Ar)? (3-7)
Equation 3-7 may be rewritten as
W/Wo = 4{A/2Ar)? (3-8)

This expression applies in the far-field region, and
the following simple modification makes it applicable
to the near-field region as well:

W/Wo = 4sin? (A/2Ar) (3-9)

This formula applies to uniform irradiation of square,
round, or rectanguiar apertures or to irradiation that
is tapered in amplitude for round apertures. For other
shapes and tapers, a more complicated analysis is
necessary (Mumford 1961).

Since the power density at the antenna aperture (Wo =
P/A) is greater than the output power P divided by the
cross-sectional area of the aperture, the effective
area A is less than the actual area. For the waveguide
horn and dish antennas commonly used at microwave
frequencies, the effective area ranges from about 50
to 80 percent of the actual area of the cross section.
For a given P, with A determined for the particular
antenna used, Wy = P/A is used in Equation 3-9 to
compute W at any distance r from the antenna
{(Mumford 1961).

Equation 3-9 is plotted in Figure 3-2 along with lines
representing the maximum values in the near-field
and the far-field approximations as given by Equation
3-7. In this graph, the relative power density is plotted
in decibels [dB = 10log1o {W/Wo)] on the ordinate, and
Ar/A is plotted logarithmically on the abscissa. Note
the alternate maxima and minima in the near field.
The maxima all are 6 dB above (4 times) the power
density at the aperture. For- a conservative estimate
in possible near-field human exposure situations, the
power density can be approximated as the maximum
value or

W = 4W, = 4P/a (3-10)

Figure 3-2 and Equation 3-9 also show that for Ar/A =
1, W = W,, the power density at the antenna
aperture. Hence, a convenient point of demarcation
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W(r)/W, Relative Power Density, db

Figure 3-2. Power density vs. distance along axis from
antenna aperture.
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between the near field and far field is the distance
from the antenna where

r=A/A (3-11)

The gain of an antenna as used in Equations 3-5 and
3-6 is usually taken to be the gain in the direction of
maximum radiated power. in general, the antenna
will have a radiation pattern that is at a maximum in
front of the antenna on an axial line perpendicular to
the aperture surface. On a surface of radiusr fromthe
antenna, the power density typically decreases asthe
off-axis angle increases. The relative power density is
expressed as W(©)/Wnax, where W is the power
density at a given distance along the axis of maximum
radiation, and W(0©) is the power density at the same
distance from the center of the aperture but at an off-
axis angle ©. Equations 3-6 through 3-9 apply to
angles off-axis if their right-hand sides are multiplied
by the radiation pattern W(©)/Wnmax. While the
radiation pattern may be known or determined, it
does depend upon the type of antenna that is used.

3.71.3 Wave Modulation
3.1.3.1. Amplitude and Frequency Modulation

With an EM wave of a particular frequency serving as
a carrier, information signals at lower frequencies are
superposed onto the carrier through the process of
modulation. Modulation of the carrier can be
accomplished either by continuous variation of one of
the parameters of the carrier (amplitude, frequency,
or phase) or by interruption of the carrier by a process
in which it is chopped into segments (pulse wave or
PW modulation). if the impression of the information



signal on the carrier causes its amplitude to vary, the
process is called amplitude modulation (AM). If the
information signal causes a frequency variation of the
carrier at constant amplitude, the process is called
frequency modulation (FM). If the information signal
causes a time-phase variation of the carrier, the
process is called phase modulation (PM). Phase
modutation and frequency modulation are closely
related; both cause a change in the time phase angle
of the carrier (Froehlich 1969).

Since the purpose of modulation is to improve the
overall efficiency of transmission, the carrier
frequency is chosen for its suitability tothe mediumin
which it is to be transmitted. Transmitting unmodified
audio signals is theoretically possible; however, the
antenna required to transmit and receive such
signals would be too large to be practical. More
important, unmodulated signals are not transmitted
because no other method exists to separate several
information signals on the same transmission path to
provide multichannel capability. This flexibility is
obtained if carriers of higher frequencies are chosen
and then spaced in frequency so as to prevent
overlap. High-frequency carriers are also more
suitable for radio propagation. One must then shift
the information signal to a high-frequency range
through the process of modulation. Introducing
frequency translation to information signals provides
a way of separating information channels and
thereby improving the transmission efficiency.

3.1.3.2 Pulse Modulation

One of the more familiar applications of PW
modulation is in radar. Radar is possible because EM
waves at some frequencies are reflected by certain
materials, including metal surfaces and water vapor
in clouds. A radar antenna can transmit and receive,
and it is directional; that is, it transmits and receives
signals in a narrow beam. For most purposes, the
radar antenna sends out short pulses of EM waves
and later receives the refiected pulses. The interval
between the outgoing and incoming pulse is
correlated with the beam direction to pinpoint the
position of the reflecting objects, such as airplanes or
cloud formations. The incoming reflected pulse is
smaller than the outgoing pulse by a factor of millions
and sometimes billions. To detect an incoming pulse
in the presence of atmospheric noise, the power of
the outgoing pulse is made as large as possible.

The duty factor (DF) of a transmitter is the ratio of the
width of the transmitted pulse to the time between
the leading edges of consecutive pulses. Hence,
average power (P,,) is determined from peak power
(Ppeax) by

Pav = (DF)Ppeak

in general, long-range radars have a larger
transmitted puise power and a longer waiting time
between pulses (lower DF) than short-range radars.

Long-range and short-range radars may thus be of
comparable average transmitted power.



3.2 RF-Field Interactions with Biological
Systems

Claude M. Weil
James R. Rabinowitz

Consideration of the coupling of RF radiation into
various biological objects (human, animal, etc.) is
important to any study of the biological effects of RF-
radiation exposure. From measurements and
predictions of RF-energy absorption based on
experimentation with laboratory animals, one can
extrapolate data for estimating effects of RF radiation
on humans. Furthermore, an adequate understanding
of the interaction of RF radiation with humans has
been crucial in determining exposure limits recom-
mended in the American National Standards Institute
(ANSI) C95.1 standard (ANSI 1982). Relating a health
effect to a maximum permissible incident power
density requires an in-depth understanding of the
interaction of RF energy with humans.

3.2.1 Scattering and Absorption of
Electromagnetic Waves

The interaction of EM waves with any irradiated
object is a compliex event that forms a large part of the
study of electromagnetism. When an EM wave
propagating in air impinges normal to the surface of
any material with dielectric properties different from
those of air, a reflected wave created at the air
dielectric interface propagates in a direction opposite
to that of the incident wave. This interaction is
iltustrated in Figure 3-3 for three materials of
differing electrical properties. At the top of the figure,
an EM wave is shown incident on a metallic
conductor. in this case, virtually all the incident
energy is reflected back to its source by the
conductive plate. At the bottom of the figure, the
energy is shown incident on a siab of low-loss,
nonconductive material (dielectric insulator) where
almost no energy is dissipated within the material. In
that case part of the incident energy is transmitted
through the slab, part is reflected back at the first air-
dielectric interface, and a part is absorbed—a small
amount, since this material exhibits almost no
dielectric losses. An intermediate case, shown in the
middle of Figure 3-3, is the interaction with a
“complex’’ dielectric. Biological tissue falls between
the conductor and the nonconductor in Figure 3-3;
i.e., it exhibits values of relative permittivity (a
measure of how strongly the material reflects
energy) and conductivity (how well the material
conducts electrically) that fall between the very high
values for a metallic conductor and the near-zero
values for a dielectric insulator. If the tissue slab is of
~ sufficient thickness, all incident energy is refiected or
absorbed and no energy is transmitted through the
slab. The mechanism by which RF energy is absorbed
or dissipated within' the tissue slab is discussed in
more detail below.
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Figure 3-3. Interaction of RF radiation with electrical
conductors, biological tissue, and electrical
insulators {modified from Sher 1970).
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in general, the reflected and transmitted waves that
surround a dielectric nonplanar object irradiated by
an incident RF wave together comprise what is
termed the scattered field. Scattering by a dielectric
object and any absorption within the object represent
the two basic components of the EM interaction
phenomenon. The degree. to which any object
interacts with an EM field when irradiated by a
uniform plane wave is defined in terms of scattering
and absorption cross sections. These cross sections
represent the cross-sectional area in square meters
of an equivalent flat plate placed normal to the
direction of propagation that totally reflects (in the
case of the scattering cross section) or totally absorbs
{in the case of the absorption cross section) the
radiant energy incident on the plate.

In general, the EM cross section is smalier than the
geometric {optical) cross section that the object
creates when illuminated by a distant light source.
However, under certain conditions—termed reson-
ance—when the wavelength of the incident radiation
is comparable to the physical dimensions of the
object, the scattering and absorption effects are
enhanced, so that both respective cross sections
exceed the geometric cross section. Resonance is a
significant phenomenon that will be discussed in
more detail in the following sections; it can be
explained by the apparent ability of the resonant



Figure 3-4. Energy distribution in proximity to manat 1 GHzat the chest plane contour presentation;

B) horizontal (Reno 1974).
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object to intercept or “pull in” considerably more of
the energy incident upon it relative to the optical case.

The terms “'scattering coefficient”” and ‘‘absorption
coefficient,”” referring to measures of the efficiency
with which an object scatters and absorbs energy, are
defined as the ratio of the scattering to optical cross

sections and the absorption to optical cross sections,

respectively. Of the two basic measures of interaction,
the absorption coefficient is considerably more
prominent in the interaction of EM waves with
biological bodies. Potentially adverse biological effects
are related to the energy that the body is absorbing,
not to what is scattered. Because absorption rate is
related to internal field strength, it is conceivable that
a biological effect could be related to the field strength
within the tissue. For this reason, most of the
remaining material in this section deais only with the
absorptive aspect of the interaction phenomenon.

Some measurements have been made of the
scattered fields that surround both human subjects
and life-size phantom models exposed to incident
microwave fields (Reno 1974). Although this work
illustrates well the complex scattered fields
surrounding the irradiated subject (see Figure 3-4),
no attempts have yet been made to relate the field
patterns to what the subject is absorbing. Although it
is theoretically possible to determine the energy
being absorbed and the internal distribution from
measurements of the distribution of externaily
scattered fields, in practice this determination
remains a difficult task and has not yet been
attempted. Interest in this area is growing, as
evidenced by a recent symposium (IEEE 1980) that
addressed methods of obtaining high-resolution
images of the internal dielectric structure of a
biological target. The methods are based on
techniques of probing the scattered fields created
when the target is irradiated by an RF field. The scope
for future work in this area appears large, particularly
in diagnostic applications.

3.2.1.1 Factors Affecting the Absorption of RF
Energy by an Irradiated Subject

The greater the efficiency of EM energy coupling into
a biological subject, the greater the overall whole-
body absorption. The factors that influence the
degree of absorptive.coupling are listed below and
will be discussed in turn:

a. Dielectric composition of subject

b. Object size relative to wavelength of incident field

c. Shape or geometry of subject and its orientation
with respect to polarization of incident field

. Complexity of incident radiation

Y a

Dielgciric composition of subject—As mentioned
previously, absorptive coupling to the irradiated
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Figure 3-5. Dielectric data for tissues in RF range 0.01 to 10
GHz. a: permittivity, b: conductivity.
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subject can take place only if the subject is
composed of dissipative dielectrics of finite
conductivity value. The dielectric properties of all
biological tissues fall into this category, primarily
because their major constituent is water (average
of 70 to 80 percent by mass), which contains
electrically polarizable or dipolar molecules as
well as free ions. The basic mechanism of
dissipation of incident RF energy within these
tissues is that 1) the free rotations induced in the
dipolar water molecules by the externally




Figure 3-6. lllustration of object size vs. wavelength
dependence. (Object is composed of tissue-like
dispersive dielectric.)

A
\VARV)

Incident wavelength > object size.

Little power absorption,
uniform internal distribution.

AWA
AR,

Wavelength and object comparable in magnitude.

Resonant case with significant absorption;
internal distribution very nonuniform with
“EM hot spots” present.

Penetration

. NN
VARV,

incident wavelength <€ object size.

Intermediate absorption with internat
energy deposition largely confined to
object surface.

Poor penetration

impressed electric field are damped out by
collisions with surrounding molecules, and 2)
conduction currents are induced within the tissue
medium because of the presence of free ions.
These phenomena are discussed extensively in
Sec. 3.2.4, Mechanisms of RF Interaction with
Biological Systems.

Over the past 40 years, many measurements have
been made of the dielectric properties of biological
tissues. These data have been collected in the
Radiofrequency Radiation Dosimetry Handbook
(Durney et al. 1978, Tables 9 and 10), as wellasina
more recent paper by Stuchly and Stuchily(1980). The
dielectric properties of biological tissues depend to a
considerable extent on the water content of the
tissue; i.e., tissues of high water content (blood, skin,
muscle, brain, etc.) exhibit much higher permittivity
{cf. Sec. 3.2.4.1) and conductivity values than do

tissues of low water content (fat, bone, etc.). As a
result, most incident RF energy tends to pass through
the fatty surface tissues of the body and be deposited
in the deeper tissues such as muscie and brain.
Figure 3-5 illustrates some dielectric data for various
types of tissues in the RF range 0.01 to 10 GHz. Note
that the dielectric properties of tissue are not
constant, but change with frequency. This is an
example of what is termed a dispersive dielectric. For
the case of biological tissues, the dispersive
characteristic above 1 GHz is created by the Debye
relaxation phenomenon in water molecules (discussed
further in Sec. 3.2.4, Mechanisms of RF Interaction
with Biological Systems). In part (b) of Figure 3-5, itis
apparent that conductivity increases by almost an
order of magnitude for all tissues in the frequency
range from 1 to 10 GHz. Because of this fundamental
dielectric property of tissue, microwaves in the
frequency range above about 5 GHz become strongly
attenuated in the increasingly lossy tissue medium.
Consequently, microwave energy of such frequencies
cannot penetrate deeply into body tissues and is
deposited near the body surface. As a result of their
poor penetration capability, microwaves in the
centimetric wavelength region {< 6 cm approximately)
are less capable of inflicting potential damage on
internal tissue than are those of longer wavelength (=
10 cm).

b. Object size relative to wavelength of incident
field—The second major factor on which energy
absorption depends is the size of the irradiated
object relative to the wavelength of the incident
radiation. Figure 3-6 illustrates that when the
wavelength is much greater than the object size
(see case A at top of figure), the absorptive
coupling is inefficient and little energy is
deposited in the object. For this case, called the
“subresonant’’ condition, values of the absorption
coefficient lie in the range O to 0.5. Case B
illustrates the resonant case, which occurs when
the wavelength and object dimensions are
comparable. For this case, the absorptive
efficiency is markedly improved so that signifi-
cantly more RF energy is coupled into the object
and creates much greater deposition. Absorption
coefficient values in the range 1.5 to 4 are
obtained under resonant conditions. Furthermore,
the incident energy penetrates into the object and

~is deposited internally in a characteristically
nonuniform manner, with localized regions of
enhanced energy deposition ("EM hot spots’’) at
or near the object’'s center. These effects are
discussed further in later sections of this
document. In case C shown at the bottom of Figure
3-6, the wavelength is much shorter than the
object size. This represents the quasi-optical case,
where the absorptive efficiency is similar to that at
optical wavelengths. The absorption coefficient
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Figure 3-7. Calculated whole-body average SAR vs. frequency
for three polarizations in a prolate spheroidal model
of a human; incident power density = 1 mW/cm?.
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approaches 0.5 under these conditions, which
gives intermediate absorption values that fall
between those achieved with the conditions of
cases A and B. Case C is also characterized by the
inability of the incident energy to penetrate much
beyond the surface of the object (note the
dielectric factors discussed earlier); consequently,
the energy coupled into the object under these
conditions is confined to the object surface.

c. Geometry and orientation of subject—The third
factor on which energy absorption depends is the
shape of the cbject and its orientation with respect
to the electric-field vector of the incident fieid.
Most biological subjects used in studying the
biological effects of RF radiation have a charac-
teristic shape that is significantly elongated along
one axis (similarly to humans). Although this
observation may appear to be simplistic, it is of
considerable significance in the discussion of the
interaction of RF waves with such objects. When
the electric-field vector of the incident radiation is
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oriented parallel to the major or long axis of the
irradiated subject (e.g., a vertically polarized field
that is incident on a standing human subject),
then the subject absorbs as much as 10 times
more energy at resonance than if the electric-field
vector is oriented paraliel to either of the two
minor axes. Figure 3-7 shows absorption
characteristics of a prolate spheroid model of an
average human. The ordinate represents the
whole-body-averaged specific absorption rate
(SAR; see Sec. 3.2.2, RF Dosimetry Definitions, for
discussion of units), and the abscissa represents
frequency. From Figure 3-7, it is evident that
when the electric-field vector is oriented parallel
to the long axis of the prolate spheriod (electric-
field polarization case), the absorption curve has a
sharp peak at the resonant frequency of —~ 80
MHz. For the other orientations (H- and k-
polarization cases), it is apparent that the
absorption peak is much broader and occurs at
somewhat higher frequencies. Furthermore, the
resonant absorption values for the H and k cases
are considerably lower than that for the E
polarization case. These basic differences in
absorption values hold true in both the subreson-
ant and resonant regions, but not in the above-,
resonant {or quasi-optical) region, where absorp-
tion in the E- and H- polarization cases is
approximately the same.

d. Complexity of incident radiation—The fourth and
final factor on which RF-energy absorption
depends involves the complexity of the incident
radiation. Up to this point, most of the discussions
of RF coupling in biological targets have assumed
the simplest form of free-field exposure, which
involves a unipath plane wave emanating from a
distant source and incident on a subject
suspended in space. (See Sec. 3.1 for definition of
plane wave.) Virtually all the RF-radiation
protection guides and standards in use throughout
the world are based on this rather idealized
assumption. Furthermore, most of the biological
experimentation involving free-field exposures in
anechoic chambers attempts to simulate this
idealized concept. However, real-world, actual
exposure conditions are far more complex.

One complicating circumstance arises in the near
field. it is readily apparent that the most intense target
exposure with the resulting greatest potential for
injury would occur close to the RF-radiation source.
However, in this near field, the plane-wave
assumptions that are true for the far field of the
source’'s radiating antenna no longer hold. As
discussed in Sec. 3.1, the near field is characterized
by complex EM field properties: the E and H fields are
no longer in space quadrature (E and H vectors
separated by 90°), and the value of the E/H ratio
(termed the wave impedance) differs greatly from the
constant value 377 Q) that characterizes the far field.



in the near field, the power density concept is
meaningless in its usual sense. For an object placed
in the near field of an antenna the interaction is
exceedingly complex because every type of antenna
possesses near-field characteristics that are unique
to that type of radiator. Consequently, every
phenomenon involving near-field exposures must be
individually analyzed and characterized. Although it
is possible to predict the spatial field distribution in
the near field of an antenna, this distribution cannot
be used as a basis for predicting the absorptive
properties of an object placed in this field because the
object will substantially alter that field distribution, as
well as alter the radiating charateristics of the
antenna itself. When an object is placed in the near
field, it interferes with the basic purpose for which
most antennas are designed: the efficient transfer of
RF energy from source to far field. An object in the
near field tends to load the antenna capacitively,
which creates an impedance mismatch if the antenna
was originally well matched to free space. As aresult,
the antenna reflects some of the transmitter energy
output back to the source. In general, for an antenna
that radiates well in free space, the closer the object is
to the antenna, the greater is the mismatch
condition, and the poorer is the transfer of radiated
energy to the far field. Consequently, it is reasonable to
conciude that whole-body-averaged SAR values in
the near field do not greatly exceed those existing at
the beginning of the far field, although there may be
regions within the object of high energy deposition.
The limited data available from EM models involving
near-field exposure (see Sec. 3.2.3) seem to confirm
this conciusion.

A secondary aspect of near-field exposures involves
the unwanted exposure to leakage fields emanating
from RF devices, such as microwave ovens, RF heat
sealers, and diathermy units, which are not intended
to radiate energy beyond their immediate surroundings.
Such leakage fields are compliex, and exposure
invariably takes place in the near zone of the leakage
source. Nevertheless, the limited data available from
near-field exposures of EM models to leakage fields
seem to show that whole-body-averaged SAR values
are lower than might otherwise be expected because
of the leakage-source and near-field interaction
effects.

Another aspect of real-world exposures is the so-
called multipath problem. People usuaily stand on
the ground and are not suspended in space as in the
idealized exposure concept; furthermore, they
frequently stand close to buildings or to other
reflective surfaces. This situation creates the
multipath problem, in which a subject is exposed to
scattered as well as to direct energy. Some of the
effects are illustrated in Figure 3-8, which shows that
there is a considerable enhancement in energy
absorption occurring for various multipath conditions.

These effects have been illustrated by means of the
prolate-spheroid representation of a 70-kg man. To
compute the SAR of man for the nonresonant
condition, the optical cross-sectional area of the
prolate spheroid is first multiplied by the power
density (10 mW/cm?), and then the resultant 38 W is
divided by 70 kg to give an SAR of 0.54 W/kg. Note
that when the model is in contact with a conducting
ground plane, there is a doubling of the resonant
whole-body energy absorption compared to that of
free-space (Case |l vs. Case |). Furthermore, if the
model is standing at a distance in front of the
refiecting plane that corresponds to an eighth of the
incident wavelength {Case V, 0.12bA), there is a
tenfold increase in absorption relative to that of free
space. Even greater increases are recorded when the
model is placed at a critical point inside a 90° corner
reflector (Cases IV and VI). The enhanced absorption
is a result of the reflector producing an enhanced field
strength at the position of the object and not due to
interaction between object and refiector.

In addition to these multipath effects, enhancement
of energy absorption can occur because of proximity
effects that are created when two or more subjects are
simultaneously irradiated. Gandhi et a/. (1979) have
found that when subjects are spaced by a critical
separation of 0.656A, a 50-percent enhancement in
absorption can occur. Coupling of RF energy into
biological systems is discussed further in the
Radiofrequency Radiation Dosimetry Handbook
(Durney et al. 1978, pp. 27-40).

3.2.2 RF Dosimetry Definitions

Dosimetry is the measurement or estimation of RF
energy or power deposition in an irradiated subject,
including the internal distribution of that deposited
energy. In recent years, the terminology describing
dosimetric assessment has been evolving. Prior tothe
mid-seventies most investigators used terminology
that appears to have been conveniently borrowed
from the ionizing-radiation field and that employed
the same cumulative dosage concept (Youmans and
Ho 1975; Justesen 1975). Many investigators felt
that this terminology was inappropriate for use with
nonionizing or RF radiation because energy absorption
in this case is not considered a cumulative
phenomenon in a way that has been accepted for
ionizing radiation (Susskind 1975; Guy 1975).
Consequently, a new terminology was proposed that
did not use the word ‘‘dose.” The now widely
accepted term ‘‘specific absorption rate” (SAR) was
first reported in the literature by Johnson (1975);
however, the term evolved from joint discussion by
members of Scientific Committee 39 of the National
Council on Radiation Protection and Measurement
(NCRP). {This meeting, chaired by George Wilkening,
took place at the Battelle Research Center in Seattle,
Washington, on June 23, 1975, with members Frank
Barnes, Curtis Johnson, Arthur Guy, Charles
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Figure 3-8. Absorption dependence on various ground and multipath factors (Gandhiet a/. 1977). Note that these data are based on

experimental measurements.
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Susskind, Saul Rosenthal, Karl lllinger, and Ronald
Bowman attending. The committee members agreed
to publicize the new term as much as possible in their
publications to promote wide acceptance. Members
Johnson, Susskind, and Guy published comments
concerning SAR in 1975.) NCRP (1981) has formally
recommended adoption of the term SAR in RF
dosimetry. NCRP has also endorsed use of the term
“‘specific absorption” (SA) for the absorbed energy
per unit mass (referred to earlier as “"dose”’).

Table 3-2 lists the various RF dosimetric quantities in
general use, together with their definitions and units.
Although the terms (particularly SA and SAR) for
some of these quantities have now gained widespread
acceptance, other terms, particularly dealing with the
volume-normalized power or energy absorption, have
only recently been proposed and have not yet gained
wide acceptance.

The mass-normalized and volume-normalized
absorption rates are directly related through the
localized or whoie-body-averaged tissue mass
density p, that is, absorption-rate density, ARD =
p(SAR), where pis inkilograms per cubic meter. Most
biological tissues are composed largely of water, so
that it is reasonable to assume a unity tissue density
value. Inthis case, the two quantities are numerically
equivalent. This approach has been adopted by many
investigators engaged in predictive EM modeling (see
Sec. 3.2.3, Analytical and Numerical RF-Electro-
magnetic Interaction Models), where the model is
composed of some homogeneous tissue with average
physical and dielectric characteristics that are
representative of the various tissues of the body being
modeled. For example, all the SAR data given in the
familiar Radiofrequency Radiation Dosimetry Hand-
book were derived this way; the assumption of a unity
average tissue density is specifically stated (Durney
et al. 1978).

A subset of two additional values exists for both the
mass-normalized and volume-normalized quantities
listed in Table 3-2: (a) the whole-body-averaged
value, which represents the overall absorption or
absorption rate divided by the total mass or volume of
the subject; and (b) the localized value, which
describes the absorption or absorption rate in an
incrementally small mass or volume at some given
point within the subject. The localized ARD is
mathematically defined by the expression oE2, where
o is the local tissue conductivity and E represents the
root-mean-square value of local internal E-field
strength.

So far, there has been no discussion of radiant
exposure rate assessment, i.e., measurements of the
incident field strength or power density. Some
workers unfortunately continue to include such
assessment under the general heading of “dosim-

etry”—incorrectly, because the exposure rate is not
an assessment of dose even though the two may be
related. The correct terminology for incident power-
density assessment is “‘densitometry,” which should
not be confounded with dosimetry. Experimental
methods used in densitometry are discussed in Sec.
3.3.3, Densitometric Instrumentation. The various
experimental techniques that have been developed
for whole-body, as well as localized or regional
dosimetry, are discussed in detail in Sec. 3.4,
Experimental Methods.

3.2.3 Analytical and Numerical RF-
Electromagnetic Interaction Models

Much of the discussion concerning the qualitative
nature of EM interaction with biological targets
contained in Sec. 3.2.1 is based on data derived from
mathematical EM models in conjunction with limited
experimental confirmation. Predictive physical
modeling, used extensively in this research area by
many workers during the past 25 years, has
contributed significantly toward an improved
understanding of the nature of EM field interactions
with biological subjects and their absorption
characteristics. In these models an object of
simplified geometry, composed of dissipative
dielectric materials that closely simulate the spatially
averaged electrical properties of biological tissues,
is irradiated by some form of noncomplex incident
field such as a unipath plane wave. Solutions to the
problem setup in the model can then be derived by
several well-established analytical and numerical
techniques. Actual computations are performed on
high-speed digital computers, and the outputs
represent whole-body-averaged and localized ARD,
absorption cross sections, and absorption coefficients.

Besides the improved understanding of the EM
interaction process already mentioned, modeling has
proved to be important for two further basic reasons.
First, mathematical modeling and experimental
measurements on scaled-down doll and figurine
phantoms have so far provided us with the only
practical method of gaining qualitative and quantita-
tive insight into the absorption characteristics of the
human body under various conditions of irradiation.
Any attempt to make absorption measurements on
actual human subjects has so far proven impractical
because of technical difficulties, high costs, and
ethical considerations. Reasonably accurate quantita-
tive data on human-absorption characteristics are
necessary to determine the objective exposure limits
for RF radiation. The reasons are discussed below.

The 1974 ANSI-recommended protection guide
{ANSI 1974) is based on an aliowable exogenous heat
load due to RF-energy absorption and conversion that
cannot exceed the basic metabolic rate (BMR) in an
adult man (~ 70 to 100 W). For a 50th percentile
standard-size man weighing 70 kg, this load
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Tabile 3-2. Proposed System of RF Dosimetric Quantities, Definitions, and Units*
St Unit
Quantity and Definitions Name Symbol Other Units Used
Whole-Body Absorption joule J millijoules ggnJ)
(formerly integral dose) (tmd=10"J)
The total EM energy absorbed calories
by the irradiated subject (1 cal =4.187 J)
Wholie-Body Absorption Rate watts w Milliwatts (rp}N)
{formerly integral dose rate) {1 mw =107°W)
The time rate of total EM energy or cal/ min
total power absorption by the
irradiated subject
Specific Absorption joules J/kg mJ/g
(formerly dose) per
The mass-normalized EM energy absorbed kilogram cal/g
by the irradiated subject
Specific Absorption Rate watts W/kg mW/g
{formerly dose rate}) per .
The mass-normalized rate of energy kilogram cal/g-min
or mass-normalized power absorbed by
the irradiated subject
Absorption Density joules J/m3 mJ/cm3
{also absorbed energy density per
or energy density, dissipated) cubic
The volume-normalized EM energy meter
absorbed by the irradiated subject
Absorption Rate Density watts W/m?3 mW/cm?
(also absorbed power density, per (1 mW/cm? =
density of absorbed power, heating cubic N 103 W/m?)
potential, etc.) meter

The volume-normalized rate of EM energy
or volume-normalized power absorbed by
the irradiated subject

*Throughout this table, “absorption” refers to RF-energy absorption.

corresponds to a whole-body-averaged SAR of ~ 1 to
1.4 W/kg. To determine the power density levei of
incident radiation that will create this exogenous heat
load in man, a detailed knowledge of human RF-
absorption characteristics is required. At the time the
first RF-radiation protection guide was proposed in
the early 1950s, virtually no data existed on the RF-

absorption characteristics of humans; the assumption

had to be made that the EM absorption cross section
for humans was equivalent to man’s geometric cross
section, which is ~ 1 m? (i.e., a unity absorption
coefficient was assumed). From this calculation came
the weli-known exposure limit of 10 mW/cm2.
During the past 10 years or so, a considerable
accumulation of data based largely on human
interaction modeling has been developed (discussed
later in this section). These data showed that under
resonant conditions, the RF-absorption cross section
of humans can be 4 to 8 times greater than the
geometric cross section. Thus, at resonance, the RF-
absorption rate for humans can potentially exceed the
BMR by this factor when exposure is to incident
radiation levels of 10 mW/cm2. Such a situation
clearly constitutes an excessive thermal burden for
exposures of indefinite duration. Thus, EM modeling
has played a significant role in demonstrating that,
under certain conditions, the originally recommended
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exposure limit is potentially unsafe, and in providing
an objective basis for the revision of that guideline.

The second reason for the importance of EM
modeling is that it provides us with a method of
extrapolating absorption data from animal experi-
ments for application to humans. From the prolate
spheroid representation for humans and animals, a
considerable amount of data has been compiled on
whole-body-averaged SAR vs. frequency characteris-
tics for several species. These data are given in the
Radiofrequency Radiation Dosimetry Handbook
(Durney et al. 1978); highlights of this material are
presented in Table 3-3, which shows the resonant
frequency range (long axis oriented parallel to E field)
and the whole-body-averaged SAR at resonance,

- normalized to an incident field level of 1 mW/cm? for

five different species, including humans. The data
given in Table 3-3 enable a researcher readily to
determine for a particular animal species the
resonance frequency range to be used during
experimentation. For eéxample, to simulate human
resonance in adult rats, exposure would have to be
in the frequency range of 600 to 700 MHz. This is an
example of “‘frequency scaling,” or adjusting the
frequency at which an experimental animal is



exposed in order to approximate certain given
conditions of human exposure. In addition, differences
in the whole-body-averaged SAR between the two
species must be considered; from the last column of
Table 3-3, it is evident that, at resonance, the whole-
body SAR for the rat is 3 times that of a human. Thus,
if a certain SAR value is obtained in a rat when
exposed at a 10-mW/cm? level, roughly 3 times that
level, or 30 mW/cm?, is needed to obtain the same
SAR value in humans (resonant condition for both).

The data shown in Table 3-3 can be likewise used to
determine whether a given exposure frequency falls
in, above, or below the resonance range for humans.
As was discussed earlier, these three categories
lead to fundamental differences in absorption as well
as patterns of internal energy deposition. Most likely
a corresponding difference in biological effects wili be
seen in several frequency ranges, with the resonant
range representing the potentially most hazardous
condition because of the high absorption efficiency
and highly nonuniform internal deposition of energy.
As already emphasized, proper simulation of a given
human exposure scenario by means of experimental
animals requires the use of (1) frequency scaling to
ensure that the type of interaction taking place is
roughly comparable (i.e., subresonant, resonant, or
supraresonant); and (2) appropriate adjustmentof the
incident exposure level to obtain a specified whole-
body-averaged SAR or, where possible, a given
localized SAR in some specified target organ. To
check for the possibility of any effects that might be
specific to a particular frequency to which humans
are being exposed, animals must necessarily be
exposed to that same frequency. Given such an
experiment, the use of frequency scaling is obviously
inappropriate.

3.2.3.1 Model Details

Gandhi{1980)and Durney(1980) published excellient
reviews on EM modeling, summarizing most of the
major research contributions to 1980 and detailing
the status of the EM modeling field at that time. The
material that follows does not duplicate these
reviews, but instead traces the historical development
of EM models with emphasis on the increasing
complexity of such models and their application. Only
a few relevant publications in the field are cited; the
reader is referred to Gandhi's and Durney's reviews
for more complete details, as well as to the
Radiofrequency Radiation Dosimetry Handbook
(Durney et a/. 1980, pp. 42-44), which contains a
comprehensive literature survey of all theoretical and
experimental modeling work performed to 1979. The
reader is also referred to the original publications for
further details of the mathematical techniques used
to solve the various problems that are discussed
below.

Table 3-3. Range of Resonant Frequencies of Man and
Animalis Iirradiated by Plane Waves in Free Space
at 1 mW/cm? with Long Axis Parallel to the
Electric Field*

Average Average Resonant Average
Weight  Length Frequency RMR SAR

Species (kg) (m) (MHz) (W-kg) (W/kg)

Man (av) 70 1.75 70-80 1.26 0.25

Woman (av) 61 1.61 80-90 1.15 0.25

Child {10 years

old) 32.2 1.38 90-100 - 2.00 035

Rhesus monkey

{seated) 35 0.04 300-350 2.36 0.30

Dog (beagle) 135 0.06 200-250 1.72 0.16

Guinea pig 0.58 0.02 550-600 383 0.55

Rat (medium) 0.32 0.02 600-700 48 0.7%

Mouse 0.02 . 0.007 2400-2600 6.5 0.72

*Data derived from Durney et a/. (1978).

Planar and spherical models—The earliest model
considered involved the one-dimensional solution to
the planar tissue slab irradiated by a plane wave
(Schwan and Li 1956). The slab is infinitely wide and
can contain several layers of various tissues.
Although the solution to this problem is straight-
forward, the model is restricted in its application
because it does not account for the obvious closed-
form shape of all human and infrahuman bodies.
This particular model is valid only when the
wavelength is small compared to the system size, as
depicted earlier in Figure 3-6, case C; for human
irradiation, such wavelengths correspond to fre-
quencies above approximately 3 GHz. The concept of
“penetration depth’” has been developed on the basis
of this one-dimensional model. The penetration depth
is the depth within the tissue slab at which the RF
power has been attenuated to a value of 1/e? and is
shown as a function of frequency in Figure 3-9.
Strictly speaking, this concept applies only to this
particular planar model; however, if prudently applied
the concept has an approximate qualitative meaning
for other configurations. It is unfortunate that the
concept has been extensively borrowed and is often
inappropriately used in discussions of RF absorption
in nonplanar models where the wavelength is either
longer than or comparable to the object size. The
penetration depth concept can be accurately applied
only when the wavelength is small compared to the
object size.

The next level of complexity involves two-dimensional
solutions of the infinitely long cylinder with circular,
elliptical, and arbitrary cross sections; some of these
models -are .of homogeneous tissue and others are
multilayered (Ho 1975). These models are primarily
intended to simulate RF heating in human limbs
under conditions of plane-wave irradiation from a
rectangular applicator in contact with the cylindrical
model, which is of particular interest to diathermy
practitioners. Ruppin (1979) examined a lossy-
dielectric cylinder model placed in front of a perfectly
conducting plane (i.e., a multipath configuration). His
data show both enhancement and reduction of
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average SAR relative to the isolated cylinder,
depending on the conditions of irradiation. Cylindrical
models were also used extensively for SAR
calculations in the second edition of the Radiofre-
quency Radiation Dosimetry Handbook {Durney et al.
1978).

The first attempts at three-dimensional solutions
involved homogeneous spheres of tissue-equivalent
dielectrics. Although it is only a poor approximation to
the actual shape and heterogeneous dielectric
composition of humans and experimental animals,
the sphere model has been used extensively because
of the ready availability of solutions based on the
classical Mei theory involving spherical wave
functions (Stratton 1941). These methods can be

readily programmed on high-speed machines that

yield data on the EM absorption cross section and on
the distribution of localized ARD for homogeneous
spheres (Kritikos and Schwan 1975). (Some
approximations made by Kritikos and Schwan [1975]
can be used in the subresonance or Rayleigh region
and the supra-resonance or quasi-optical region,
which greatly simplifies these computations.) This
work demonstrated that a highly nonuniform
absorption distribution is obtained under resonant
conditions, including the formation of relatively
intense “EM hot spots” near the sphere’'s center
(Figure 3-10). Other workers {Weil 1975) have used a
multilayered spherical model that consists of several
concentric layers of different tissues representing an
idealized mode! of an adult, child, or monkey head
exposed to plane-wave radiation. However, this
concept has obvious limitations because the
spherical model is spatially isolated rather than
attached by the neck to the body’s trunk. Results for
the multilayered sphere were similar to those
obtained for the homogeneous sphere with the
exception that, in the supraresonance region,
enhanced absorption was noted in the muiltilayered
model. This enhancement is caused by the presence
of the surrounding layers of skin and fat, which
appear to provide an impedance transformation
mechanism by which energy transfer into the sphere
is increased. A recent paper by Barber et a/ (1979)
has shown that a planar model can accurately predict
this enhancement effect for any three-dimensional
nonplanar shape, and that the layering enhancement
factor can be applied to any nonlayered object, such
as a human model, to predict the absorption
characteristics of the layered object.

The effects of altering irradiation from plane wave to
near field on the absorption characteristics of
multilayered sphere models were investigated by
Hizal and Baykal {1978). They found that EM hot spots
continue to occur when the model is excited near
resonance in the near field of a loop antenna, but not
when similarly excited by a dipole antenna.
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Figure 3-9. Penetration depth as a function of frequency (data
from Table 3. Durney et a/. 1978).
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Prolate spheroidal and ellipsoidal models—Since
prolate spheroids and ellipsoids are much better
approximations to actual human and animal shapes,
use of these models was a logical next step to solving
this problem. Although one can in principle obtain
solutions to the prolate spheroid and ellipsoid
problem in spheroidal and ellipsoidal wave functions in
the manner already accomplished for the sphere, in
practice this approach has not been possible because
of many mathematical difficulties. Consequently,
workers have resorted to using several different
approximation techniques, further details of which
may be found in Durney’s review (1980). Such
methods have provided accurate data on absorption
in the subresonant and near-resonant region, as
well as in the supraresonant or quasi-optical region.
These data have been compiled in the Radiofrequency
Radiation Dosimetry Handbook (Durney et al. 1978,
pp. 75-106) in whole-body-averaged SAR vs.
frequency plots for many animal species. However,
under some conditions, there is a gap at the resonant
and immediate post-resonant regions, where these
approximations no longer hold. Using approximate
data derived from antenna theory and experimental
observations, investigators have bridged this gap with
the aid of curve-fitting techniques. This approach is
illustrated in Figure 3-11, which shows SAR data for
a prolate spheroidal mode! of man for the three basic
orientations of the model’s long axis relative to the E,




Figure 3-10. ARD distribution in core of 6-cm radius
multilayered sphere at 1650 MHz (Weil 1975).
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H, and k vectors. Note the strong orientation effect
discussed eartier. Durney et al. (1978, 1979) have
also developed a useful empirical formulation that
describes the E-field polarization curve shown in
Figure 3-11. it can be programmed on a hand
calculator and yields reasonably accurate SAR data
for a prolate spheroidal model of any size of
eccentricity.

As discussed earlier, an isolated model, regardless of
shape, suspended in space is an inappropriate
representation of the real-life conditions under which
humans are exposed. A prolate spheroidal model in
contact with or in close proximity to a conductive
ground plane is an obvious improvement over the
isolated model. Iskander et a/. (1979) have analyzed
such a model by both antenna and circuit theory. In
this model, the finite separation between feet and
ground created by the usual presence of footwear can
be accounted for by a lossy capacitor in the equivalent
electrical circuit of the prolate spheroid. From
Iskander’s data (Figure 3-12), it is apparent that the
primary effect of the ground plane is to shift the SAR
curve for the isolated model to the left with only a
slight evident increase in peak SAR. The resonant
frequency of the prolate spheroidal model of man is
shifted from ~ 75 MHz to 45 MHz when the model is
in perfect contact with a conducting ground plane; the
intermediate case shown, in which resonance occurs
at 55 MHz, represents imperfect contact between
model and ground plane due to a 3-cm lossy gap. The
latter case is probably the most realistic of the three
considered. Iskander et a/. aiso concluded that when

the model is separated from the ground plane by a gap
of 7.5 cm or more, the whole-body SAR values are
essentially the same as those for the isolated model.

It is evident from oral presentations at recent (1978-
1980) scientific meetings that much effort is being
devoted to analyses of the absorption of prolate
spheroid and other models in the near field of an
antenna. Iskander et al. (1980) have studied such a
problem for a prolate spheroid model of man in the
near field of a short electric dipole at 27 MHz. They
found that average SAR values in the near field tend.
to oscillate about the constant value predicted for
plane-wave irradiation. There are also significant
alterations in the internal distribution of deposited
energy in the near field.

As discussed previously, the data developed on
prolate spheroidal and ellipsoidal models have played
an important role in extrapolating RF absorption data
from lower animals to man. Yet these data have
limitations: the solutions are not exact but are
approximations, and yield data that are accurate
enough (£ 10 percent) for most practical applications.
Furthermore, with the exception of the subresonant
region (long-wavelength analysis, Figure 3-11),
existing solutions provide data on only the whole-
body absorption characteristics of this model. No data
are yet available on the three-dimensional ARD
distribution and EM “hot spot’’ formation potential in
the resonant and immediate supraresonant region.
Such data would be of potential value to those
engaged in experimentation with rodents because of
the close similarity between the rodent shape and the
prolate spheroid.

Human block models—Although prolate spheroidal
and ellipsoidal models are reasonably accurate
representations of many laboratory animals, partic-
ularly rodents, that is not true of the primates,
including man, because the appendages(head, arms,
and legs) are much larger and more significant. The
importance of these appendages is underscored by
experimentation on saline-filled dolls and scaled-
down human phantoms (Guy et al. 1977), which
showed relatively intense localized absorption in the
ankles, legs, and neck. Since it was impossible to
confirm the localized effects with the prolate
spheroidal model, attempts were made to develop a
more realistic human model in which numerous
cubical cells form a so-called block model of man
(Figure 3-13). The EM solution to this type of
sophisticated problem is realized through the solution
of a large system of simultaneous equations and
matrix inversion or iterative techniques. Further
mathematical details are given in Durney's review
(1980). Such solutions can be obtained only by use of
dedicated large-scale computing facilities with
expensive memory capability. Furthermore, because
of finite limits in the average memory capacity of all
but the largest computers, the number of cubical cells
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Figure 3-11. Curve fitting of SAR data for a prolate spheroidal
model of man for the three basic orientations of
the model’s long axis relative to the E, H, and k
vectors of an incident plane wave (1 mW/cm?
power density). Taken from Durney et a/. (1978).
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that can be used to make up the model is limited. The
accuracy and resolution of the solutions depend on
cell size. In the work of Chen and Guru (1977), a
maximum of 108 cells was used, whereas Hagmann
et al. (1979a) used 180 cells. These limits inevitably
reduce the spatial resolution with which the localized
absorption distribution can be determined in the
model, and they place an upper limit on the frequency
range over which solutions are valid. (This range does
include the resonant and immediate supraresonant
region.) Since this technique readily allows for
differences in the dielectric properties of individual
cells in the models, it is possible to approximate the
inhomogeneous tissue properties of the human body,
but there is a limit to how finely such inhomogeneities
can be modeled.

Figure 3-14 shows some data obtained for the human
block model (Figure 3-13) when it stands on a ground
plane and is irradiated by a vertically polarized plane
wave. The curve labeled “whole body’ gives the
whole-body-averaged SAR throughout the model,
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Figure 3-12. Effect of a capacitive gap on average SAR
between the man model and the ground plane
(iskander et a/. 1979).
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which agrees closely with that obtained for the
equivalent prolate spheroidal model in contact with a
ground plane; whole-body resonance also occurs at
~ 45 MHz. Two significant conclusions may be drawn
from these data: (a) At whole-body resonance, the
localized SAR in the legs is about five times that of the
whole-body average, which indicates the potential for
relatively intense absorption in the legs; and (b) part-
body resonances exist for the arms and for the head at
frequencies of ~ 150 and 375 MHz, respectively.
Subresonance data reported by Guy et a/ (1976)
show local SARs 26 times that of the whole-body

--average. Localized SAR values for the neck are seen

to be relatively high throughout the frequency range
100 to 400 MHz. The significance of the head-
resonance effect has been emphasized by Hagmann
et al. (1979b), who modeled the head and neck with
much improved resolution. In this study, the detailed
head is attached to the same torso model used earlier
(Figure 3-13), so that the head is not isolated as in
previous studies involving inhomogeneous spherical
models (Weil 1975) and block models of isolated



human and infrahuman heads (Rukspolimuang and
Chen 1979). The Hagmann et a/ data show strong
localized absorption at the front and back of the neck
and in the center-based region of the skull; localized
SAR values are two and four times the whole-body
average.

RF absorption in block models when irradiated under

near-field conditions is being studied by some

workers. Chatterjee et al (1980) reported a study
involving the near-field interaction of the human
block model (Figure 3-13) with the measured
leakage-field distribution of an industrial RF heat
sealer operating at 27 MHz. Their data show that
averaged and localized SAR values are much lower
for near-field exposure than is the case for plane-
wave exposure at equivalent power density levels.

3.2.3.2 Accuracy

As discussed already, this document and the 1982
ANSI guideline (ANSI 1982) recommend frequency-
dependent exposure limits that have been derived
mostly from the EM modeling data just described. The
validity of this approach therefore depends strongly
on the accuracy of these data. One may conclude that
the accuracy of the whole-body-averaged absorption
data is good (certainly within £+ 10 percent). The good
agreement obtained between data for the human
prolate spheroidal and block models appears to
support this contention. However, the accuracy of the
localized absorption data is probably inferior. This is
particularly true of the block models where accuracy
is probably no better than + 50 percent, because of

Figure 3-13. A realistic block model of man (Hagmann et a/.
1979a).
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the limitations on numbers of blocks available. Onthe
other hand, localized absorption data for the spherical
model, as well as those available for the prolate
spheroid, are more accurate, since they were derived
by more rigorous techniques.

3.2.3.3 Unresolved Issues

The need for additional modeling has been discussed
by Durney (1980). Improvements and refinements in
existing block models are needed, especially in spatial
resolution and accuracy;, the same is also true in
modeling tissue inhomogeneities. In coming years, a
new generation of "‘superpower” computers with
greatly enhanced computational speeds—an order-
of-magnitude increase over existing machines—will
undoubtedly become availablie for scientific studies.
Such computers will almost certainly be used to
refine existing EM absorption models, particularly in
spatial resolution problems and in solving more
complex problems that hitherto have not been
attempted because of computer limitations.

As Durney (1980) emphasized, there is still a need
for more solutions to near-field interaction problems,
since the near field more frequently represents the
real-life situation to which people are exposed.
Though models involving near-field irradiation are
considerably more complex than are those for the far
field (plane wave), it should be possible to attempt the
solutions of these based on our existing knowledge of
plane-wave solutions.

3.2.4 Mechanisms of RF Interaction with
Biological Systems

Biophysical models that relate molecular structure to
the interaction of RF radiation with biological systems
provide a base for understanding the potential
hazards of this type of RF radiation and for designing
relevant experiments. The purpose of this sectionis to
review these interactions and, where possible, to
discuss the changes in structure and biological
function that may resuit.

3.2.4.1 Complex Relative Permittivity

The molecular-level interactions may be averaged
over a macroscopic biological sample and character-
ized by an average interaction parameter called the
complex relative permittivity (¢*) of the sample. This
interaction parameter facilitates discussion of the
effects of a biological sample on thermodynamic
properties. It is a measure of the capacity of the
charge distribution within the sample to adjust to a
change in an applied electric field. This measure is
composed of two parts, the real component of the
complex permittivity (¢’) and the imaginary component
of the complex permittivity (¢” = o0/we,). The real
component is a measure of the energy stored in the
charge distribution of the sample by the interaction
with the field. The imaginary component is related to
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Figure 3-14.

Absorption for man block modet standing on ground plane {Gandhi et a/. 1979).
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the energy dissipated by the field in the sample.
Initially, the dissipated energy may be restricted to
just a few molecular modes within the sample.
Eventually, the dissipated energy will be thermalized,
but temperature gradients may persist within the
sample if the rate of energy dissipation s a function of
position, due to the geometry of the sample or to field
gradients or differences in ¢” within the system.
Finally, after the RF-radiation exposure has ceased,
the dissipated energy will be equally distributed
throughout the various modes of the sample and will
result in either a change in sample temperature or a
transfer of thermal energy from the sample as well as
possible chemical and structural changes.

The £* of many biological tissues has been measured
by several investigators. Some excellent reviews are
available (Schwan 1957; Johnson and Guy 1972;
Durney et a/. 1978, 1980; Stuchly and Stuchly 1980;
and Schwan and Foster 1980). Complex relative
permittivity is a function of frequency over our region
of interest.

" Table 3-4 shows the values of € and ¢" (abstracted
from Durney et al. 197, Schwan and Foster 1980:
Stuchly and Stuchly 1980). The dielectric properties
of muscle tissue have been used to characterize the
dielectric properties of all biological tissues with a
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high water content (Schwan 1957; Schwan and
Foster 1980). This characterization also serves as an
illustration of some of the underlying phenomena
responsible for €*. Figure 3-15 showsthe £’ of muscle
as a function of frequency.

It can be seen in Table 3-4 that in the region between
0.5 MHz (the lower end of the range of interest) and
~ 50 MHz, the complex permittivity of muscle
decreases by two orders of magnitude. However,
between 100 MHz and 10 GHz it decreases by < 50
percent; and again, at frequencies above ~ 10 GHz,
but still within the range of interest, the real
component of complex permittivity decreases rapidly.

The imaginary component of the complex permittivity
(£”) has two components—one due to the movement

. of free charges, and the other to the orientation of

either permanent dipoles or dipoles resulting from
the interaction of the field with polarizable microscopic
structures. The former component is proportional to
the inverse of the applied RF-radiation frequency;
energy absorbed this way acts directly to heat the
sample. The modes of absorption of the latter
component relate to the specific structure of
biological molecules and molecular complexes, and
this component has a maximum where the real



component of the complex permittivity &’ is changing
most rapidly with respect to frequency.

Frequency regions with rapidly changing dielectric
parameters indicate that a particular component of
the system, or a particular type of response to the
field, is reaching the limit of its capacity to respond
(i.e., at higher frequencies the field is changing too
rapidly for a particular component to respond). It has
been suggested that the rapid change in the region
below 50 MHz results from polarization effects in

. which cellular membranes are charged by the
surrounding electrolytes (Schwan and Foster 1980).
Another response that is limited to this low-
frequency range is the rotation of large dipolar
macromolecules or molecular complexes orienting
with the changing field (Takashima and Minikata
1975). The dielectric response below 50 MHz may
result from more than one mechanism. The response
above ~ 5 GHz results from the rotation of water
molecules in the biological systems, and it is similar
to the response seen in pure water. It has been
postulated that a small decrease in ¢’ observed near 1
GHz results from rotation of water molecules
constrained by their interaction with large molecuies
and molecular complexes (Schwan 1965; Grant et a/.
1968) and, therefore, these water molecules cannot
respond to the field at higher frequencies.

The general features of £* of biological tissues can be
explained in terms of the major molecular and
structural components of the tissues. However,
biological systems are inhomogeneous and inherently
complex at the molecular level, and interaction with a
minor molecular component may have negligible
influence on the dielectric parameters of tissue (an
average property of a macroscopic volume) but may
interfere with the capacity of that minor component to
perform its biological function. Therefore, it is useful

components, this discussion also provides a more
detailed explanation of the interactions responsible
for the complex relative permittivity £*.

3.2.4.2 Mechanisms for RF-Radiation
Absorption at the Molecular Level

Table 3-5 presents information on the energy of an RF
beam relevant to molecular level interactions. The
binding energy of a single electron in a molecule is
typically of the order of tens of electron volts, whereas
excitations of electrons within molecules are of the
order of electron volts, and the energy of a hydrogen
bond is > 0.1 eV. Accordingly, direct linear mecha-
nisms for the absorption of a photon or a few photons
by biological molecules from an RF field cannot
involve changes in electronic or covalent molecular
structure, nor can they involve the breaking of
hydrogen bonds. That does not imply that single
photons cannot cause changes in the structure of
biological molecules or molecular complexes. They

Figure 3-15. The real component of the compiex permittivity
of muscle (¢') as a function of frequency (f)
from the values for muscle (Schwan 1957).
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to discuss the specific mechanisms for the absorption Log f (CPS)
of RF radiation at the molecular level. Furthermore,
since the mechanisms are similar for the major
Table 3-4. Dielectric Permittivities for Various Tissues*
Frequency
{(MHz)

Tissue -Dielectric
Type Value 0.1 1 10 60 100 103 104 1.7x10°
Muscle a 3 x10¢ 2x103 220 0 75 - 54 40 34

£ 108 104 1.2 x10% 400 80 27 21 21
Brain £ 240 110 80 40 35

[ 26x10° 500 180 95 16.5 15
Liver £ 104 1.5x 103 240 90 78 46 36

€ 5x10¢ 5 x 103 800 195 110 18 11
Bone €' 8.0 7.2 5.8 4.9

e’ 0.5 10.8 1.3 0.7
Fat ¢ 12 10 6.0 40

£ 17 12 2.0 0.7

‘Thesg values are abstracted from reviews by Schwan and Foster (1980) and Stuchly and Stuchly (1980). The original sources are quoted
therein. The values have been chosen in the middie of the range for experimental values. Reported values may differ from one another by

as much as a factor of 2.
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contain sufficient energy to change the three-
dimensional structure of biological molecules in a
manner that leaves the covalent and hydrogen-
bonded structure intact. The following paragraphs
describe some of the excitations of biological
molecules that can be induced by an RF field and the
changes in three-dimensional molecular structure
that may result.

A change in the rotational energy of dipolar

molecules or molecular segments is a ubiquitous
mode for energy absorption from an RF field by
molecules in a biological system. The absorbing
molecular structure increases its angular momentum
by quantized units. The size of these units and the
characteristic frequencies for absorption depend on
the distribution of mass within that structure. In
general, the more massive the rotating structure, the
lower the characteristic frequencies.

The rotational mode of interaction is relevant through
the entire range of the frequencies of interest for the
purpose of this document. Free rotation of proteins
and other bipolymers are modes for absorption in the
frequency range from 10 kHzto 100 MHz and beyond.
in addition, smaller molecuies and molecular
" segments absorb at higher frequencies by this mode.
The absorption of energy into free rotational modes
does not lead to structural changes in the absorbing
molecule or segment because it rotates rigidly.
Through collisions with other molecules in the
biological system, this initial increase in rotational
kinetic energy is dispersed throughout the various
molecular motions of the system (i.e., the energy is
thermalized). With this mode of absorption, functional
changes, if any, result only from these local increases
in temperature. In a biological system at normal body
temperatures, an individual molecular species
absorbs over a broad frequency range by this mode
because of its concurrent interaction with other
molecules.

Since water, which has a characteristic frequency for
free rotation near 20 GHz, is the major component of
biological systems, a change in the rotational energy
of water molecules is the principal mechanism for
absorption of microwave radiation at frequencies > 2
GHz. (The frequency range for which this interaction
is likely to be important is broadened by the
interaction of absorbing molecules with surrounding
molecules.) At the lowest frequencies of interest,
changes in molecular rotational motion may also
make a significant contribution to the overall
dielectric properties through the interaction of
microwaves with large molecules.

For many biological molecules, segments as large as
many amino acids or as small as a methyl group have
some rotational freedom, but are constrained both by
covalent bond(s) to the main structure of the molecule
and by electrostatic interactions with other nearby
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Table 3-5. Energy Units for RF Radiation

A f Energy- photon
(m) (MHz) (eV)

107 3x10* 1.2x10*
1.24x 107 2.45 x 103 1 x10°
3x10” 10° 41x10°®

10 3x10 1.2x107

3x 10 1 4.1x107°

molecules. This rotational freedom provides a mode
for the absorption of energy from an RF field.
Although this mechanism is similar to the preceding
one, it has been suggested (lllinger 1970; Rabinowitz
1973) that it can result in changing the equilibrium
position of the rotating segment relative to the main
structure of the molecule and surrounding molecules.
This structural change is probably reversible but
could have consequences for biomolecular function.
The importance of this mechanism for a biological
effect of RF radiation has not been substantiated
experimentally.

More complicated intramolecular motional modes
involve rotation and vibration, bond stretching, and
twisting. These modes also absorb energy from an RF
field and have potentially similar effects on molecular
structure and function. In general, these more
complicated modes are at frequencies above the
range of interest, but there is some suggestion that
they are important near 10 GHz. Prohofsky et al.
{(1979) have calculated the stretching modes for an
artificial double-stranded DNA polymer containing
one strand of adenine that is hydrogen bonded to a
strand containing only thymine. They suggest that
absorption of energy into these modes may affect
DNA helix melting and replication. The characteristic
frequencies of these calculated modes are, however,
> 40 GHz.

The amount. of energy required to excite either
rotational or the more complex motional modes is
small with respect to the amount of energy
exchanged in molecular collision at biological
temperatures. This implies that, uniess there are
special circumstances (lllinger 1970; Rabinowitz
1973; Prohofsky et al. 1979; Ginzburg 1968}, the
molecular configuration that results from the
absorption of energy from the RF field is not unusual.
However, the relative distribution of normally
occurring configurations may be affected by the
absorption of energy. The effect produced may be only
a relative change in a normally occurring process, and
may be reversible on the molecular level. However,
reversibility for the molecular-level absorber does not
imply that the resulting—if any—macroscopic
biological effect is reversible. If the unusual
distribution of states does not return to the normal
distribution as quickly as one would expect from
strictly thermal considerations, then these effects
will be much more important (Fermi et al/. 1965).



Another general mechanism for the interaction of RF
radiation with biological molecules results from the
field-induced migration of ions associated with
biopolymers. The migration may be of positively
charged ions—like protons or other cations—from
one negatively charged site to another within the
same biopolymer (Kirkwood and Schumaker 1952) or
from the polarization of the ionic cloud that surrounds
the biopolymers (Schwarz 1972). The distinction
between these two mechanisms has been made
because in the case of the former, the migration of the
ion{s) may directly affect the function of the
biopolymer if the migrating ion(s) or one of the sites is
directly involved in molecular function. In both cases,
there are effects on the long-range interaction
between biopolymers. The minimum field strength
needed for the first case can be roughly estimated
from the size and shape of biopolymers, and even for
rod-like structures, a field of at least 105 V/m would
be needed. For the second case, the field strength
necessary is smaller and depends on the size of the
surrounding ionic cloud. The frequencies at which
these processes are importantdepend on the size and
shape of the moiecule {Pollak 1965). For sonically
fragmented DNA segments that have a rod-like
structure, broad absorption regions have been found
near 10 kHz and 10 MHz (Takashima 1963; Pollak
1965).

A mechanism has been described for the direct
influence of an RF-electric field on the configuration
of biopolymers (Schwarz 1967). If the interaction of
the field with one configuration of a biomolecular
system is much greater than the interaction with
other configurations, then—in the presence of that
field—a shift in the relative populations of the various
configurations results. The difference in interaction
energy may be due to differences in the dipole
moments or in the polarizabilities between configura-
tions. This mechanism has been demonstrated in the
model protein poly (y-benzyl-L-glutamate), or PBLG
(Schwarz and Seelig 1968). In its random-coil
conformation, PBLG has essentially no dipole
moment, whereas in its helical conformation it has a
large dipole moment (~ 103 Debye). The presence of a
field of sufficient strength can induce a transition
from the coil to the helical conformation. In PBLG this
mechanism is responsibie for absorption of energy
near 1 MHz; for the distribution of conformations to
be affected significantly, the field must be greater
than 105 V/m. (If there were systems in which the
change in dipole moment was larger, then the field
needed would be proportionally smaller.) This change
in conformation is not unusual (although the relative
amounts of the two conformations are altered) or
irreversible, but, as previously stated, reversibility
on the molecular level does not necessarily imply that
any resulting, macroscopic, biological effect is
reversible. For instance, the conformations may have
differing biological activities, and the products of

these activities may remain even after the distribution
of the conformations has returned to equilibrium.

3.2.4.3 Unresolved Issues

The mechanisms for the absorption of energy from an
RF field previously discussed have been demonstrated
in solutions of biological molecules, and the response
of macroscopic biological systems to these fieids is
consistent with these molecular mechanisms. The
guestion that remains is: Are any of these mechanisms
likely to impose a potential hazard to human health?
Certainly, if enough RF energy is absorbed and
converted to thermal energy, corresponding biological
effects ensue. Other mechanisms have been
proposed for effects at the molecular level. They
require changes in molecular structure and function
as the resuit of absorption. It is extremely likely that
some changes in biomolecular structure result when
RF energy is absorbed. But are these changes
functionally significant? Some mechanisms for
biological effects in these circumstances have been
proposed. They are plausible but often not quantitative,
and have not been demonstrated in biological
experiments. Further research to quantitate and
consider these mechanisms experimentally is
urgently needed. Since exposure to RF radiation often
leads to increased temperature, careful studies are
needed to separate effects that are notdue to heating
from other concomitant changes in temperature.

Two other general mechanisms at the supramolecular
level need further discussion. A theoretical mechanism
has been proposed for coherent action over long
distances in biological macromolecular systems that
are far from thermal equilibrium (Frohlich 1968). This
mechanism has been developed to explain the
extraordinarily high catalytic power of enzymes; one
of its consequences is an extremely long-range
interaction between macromolecules. The require-
ments of this model are that the macromolecuies
possess a metastable excited state that has a large
dinole moment (> 103 Debye) and that its polar modes
couple with elastic modes. This highly dipolar
metastable state will be stabilized by the migration of
ions and by the structure of the water near the
macromolecular surface. One of the implications of
this mode! for enzyme action is that interaction with
an EM field that is capable of supplying energy above a
critical rate results in all of the energy going into a
single homogeneous electric vibration of this system
(Frolich 1975). This means that all the other modes
of the system are at or near thermal equilibrium, and
that single mode is far removed. Although it is
unlikely that this redistribution of energy will
increase the rate at which the energy is absorbed by
the system, the biological consequences of putting all
the energy into a single mode that is related to the
functional properties of the system could be
extraordinary. If that single mode relates to enzyme
function or recognition, it could greatly increase
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enzyme function until saturation 1s reached. The
possibility also exists of re-emission of large amounts
of energy and action at sites remote from the initial
absorber. The specific biological consequences of this
mode! relative to RF-field effects on biological
systems  cannot be well understood until detailed
characteristics of particular biological systems are
inciuded. Some data can be explained by this model
(Grundter et al. 1977); the resultant in vivo vibrational
spectral properties of biological systems also have
been discussed (lllinger 1982).

One of the interesting and relevant consequences of
Frohlich’s (1968) model is that the particular
biological result of RF-field interaction with a
biological system may be frequency dependent. It has
been suggested that the range of frequencies where
this process is most likely to be significant is probably
> 30 GHz (Frohiich 1968, 1975). The actual range of
applicability is uncertain. The effect also may be
important at lower frequencies.

Frohlich’s mechanism is general. Its applicability in

real or model biological systems has not been
demonstrated. For potential biological effects from RF
fields, it is a possible mechanism for grouping
individual photons or phonons with energies << kT
{the average thermal energy). This process results in
the application of energy in a significant amount (>
kT) at a single locus. Effects resulting from this
process could not be duplicated by addition of the
same amount of energy to the system by a different
process.

Another set of mechanisms at the supramolecular
level has been proposed recently. These mechanisms
are theoretical means for the direct interaction of RF
fields with microscopic biological processes that
depend on naturally occurring electric potentials. In
general, these mechanisms depend on a nonlinear
response to an applied field by the cell membrane.'

Barnes and Hu (1977) have proposed that the ion
gradient across a cell membrane can be altered
significantly if PW radiation at 105 V/m peak field
strength or more is applied. This theoretical view
derives from consideration of the balance between
field-driven and thermal currents. Changes in the
time-averaged concentration gradient occur that
depend on the square of the field applied across the
membrane, but not on the frequency of the applied
field. There are larger terms that are frequency
dependent but when averaged over a complete cycle
are zero. This mechanism has not been demonstrated
in a biological system.

Pickard and Rosenbaum (1978) considered a similar
problem and came to the same conclusion for the
time-averaged concentration gradient across the
membrane. In their model, they included unidirec-
tional ion channels through the membrane, and they
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postulated that the new concentration gradient is
achieved by the field-induced movement of ions
through these channels. They calculated that, for this
particular method of achieving the concentration
gradient, the frequency of the field must be < 200
MHz if the ions are protons, and < 10 MHz for less
mobile ions. Pickard and Barsoum (1981) have
demonstrated activity across the membrane of a plant
cell that begins at the onset of an RF field greater than
667 V/m with a frequency below 10 MHz. The
immediate response to the field indicates that the
activity is not thermally induced. The activity
demonstrated is consistent with an RF-induced DC
potential across the membrane. This potential could
result from any nonlinear response of the membrane
to the RF field, and it is not clear that any particular
mechanism for that response has been demonstrated.
More data are needed to demonstrate a realistic
microscopic model for this process. it is difficult to
proceed from these mathematical models and this
single experimental demonstration to an assessment
of the importance of this mechanism. The induction of
DC or extra-low-frequency potentials in biological
systems by an RF field could provide significant
mechanisms for the biological effects of RF radiation.



3.3 Experimental Methods

Claude M. Weil
Joseph S. Ali

3.3.1 Exposure Methods Used in Biological
Experimentation

In this section the most commonly used exposure
methods employed in RF biological effects research
are reviewed, and the inherent advantages and
disadvantages of each are discussed. Researchers
have used a diversity of exposure methods; the
chosen method depends on the specialized application
involved, the existing facilities available for experi-
mentation, and the cost of setting up new facilities.
This diversity may have created difficulties in
reproducing biological effects studies, which have, in
turn, fueled controversies on several reported
effects. Whereas an effect may have been noted by
one group who employed a particular form of
exposure system, a second group that carefully
reproduced the experiment in every detail but for the
exposure method might not see the reported effects.
It is possible that basic differences in the exposure
environment may, in some cases, explain this lack of
reproducibility.

In much of the literature, effects have been traditionally
reported as a function of incident power density, the
independent variable. As pointed out by several
prominent workers {(King et a/. 1970; Johnson 1975},
power density is an inadequate and inappropriate
independent variable for two reasons:

1) Biological effects are logically related to the
internal electric and magnetic fields which are in
turn nonlinear and complex functions of frequency
vs. body size, body shape, and orientation to fieid
vectors, etc. (See Sec. 3.2, RF Field Interactions
with Biological Systems.)

2) Although meaningful for certain plane-wave-
exposure situations, such as free-field or
transverse electromagnetic (TEM)-mode cells, the
power density concept is no longer applicable in
most other commonly used exposure systems
with complex irradiation fields. Consequently,
meaningful comparisons of the incident field
levels in different types of exposure systems
cannot be made on this basis.

For these reasons, it must be concluded that the
various exposure methods are unique; experimental
results obtained in different exposure environments
cannot be compared except perhaps on a whole-
body-averaged SAR basis, and reproducibility of
experimental data is not guaranteed unless exactly
the same exposure methodology has been used. Even
if equivalency of whole-body-averaged SAR is
achieved, there may still be differences in biological

outcomes for exposures performed in multipath fields
(e.g., a cavity) when compared to plane-wave fields,
which have the same carrier frequency and
modulation parameters.

Although many of the specialized requirements of a
particular experiment are unigue, some requirements
are common to almost all experiments. For example,
there is a critical need in virtually all work for
temperature and humidity regulation of the environ-
ment in which animals, biological specimens, etc.,
are located. Such control ensures that the ambient air
temperature and humidity are properly controlled, so
that the possibility of unwanted variability in the
experimental protocol is minimized. Also, airflow is
an important variable, particularly in animal studies
that should be regulated and reported. Two other
important requirements are common to the majority
of experiments involving whole-body or unrestricted
irradiation of animals: (1) an animal population large
enough to allow for statistically reliable conclusions
to be drawn, and (2} an equally large population of
control animals that must be housed during exposure
periods under conditions that are, in every way,
virtually identical to those of irradiated animals
exgept for the presence of RF energy. For certain
critical experiments, there may aiso be a need for a
population of passive or reference control animals
that are maintained under normal conditions in their
vivarium during the tenure of a study. Much of the
early experimental work on RF biological effects
frequently contained no provision for controls,
involved inadequate numbers of experimental
subjects, and lacked adequate provision for environ-
mental control, and thus yieilded data of questionable
validity. It is only within the past decade or so that
researchers have succeeded in correcting most of
these experimental deficiencies in exposure protocol.

Existing exposure methods have been reviewed by
Weil (1977) and Ho et al (1976), the latter paper
discusses exposure techniques that have been used
at the FDA’s Bureau of Radiological Health. The
commonly used methods are categorized into two
groups and considered separately: (1) free-field, and
{2) enclosed. In the former category, the exposure
fields are generated within a reflection-free
environment by a radiating antenna or applicator,
whereas in the latter category, the exposure fields are

.those excited within a struture of reflective or

conducting walls.

3.3.1.1 Free Field

Free-field exposure methods were historically the
first to be used in such experimentation and remain
the most commonly used techniques. These methods
involve placing the experimental subject(s) in the
near-field or far-field region of a radiating antenna,
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such as a horn, parabolic dish, or diathermy
applicator. For exposures in the far-field region, all
unwanted scattering of RF energy from the surround-
ing room structure, etc., must be eliminated.
Otherwise, the power density levels at the subject’s
location are not well established. A microwave-
absorbing material that wholly or partially surrounds
the experimental subjects must be used to create
what is termed an anechoic chamber. (The term
‘a .chuic,” meaning “without echoes,” has been
borrowed from acoustics research.) The design of
anechoic chambers is a specialized art normally
performed by commercial manufacturers of absorbing
material (e.g., Emerson and Cuming, Canton, Mass.).
The anechoic properties of such chambers, which are
defined by the characteristics of the ‘‘quiet zone”
where the experimental subjects are placed, is a
function of the reflective properties of the absorbing
material with which the chamber is lined. (Such
properties refer to the degree with which RF energy is
reflected by the material, rather than absorbed.)
Reflectivity is proportional to the incident wavelength,
so that the performance of an anechoic chamber
deteriorates as the frequency of operation is lowered.
A minimum reflectivity of 20 dB (1 percent) is usually
considered essential; the frequency at which this
value is reached then defines the lower frequency
limit of operation for the chamber. Anechoic
chambers perform well at frequencies in the
microwave region of the spectrum (above 500 MH2z).
However, satisfactory performance at lower frequen-
cies or longer wavelengths requires using large
blocks of absorbing material formed into long
pyramids or cones. Consequently, a large structure is
needed to house such a chamber, so that the cost of
such a facility rapidly escalates to the point of
nonfeasibility. For all intents and purposes, it is
impractical to contemplate building anechoic
facilities that operate at frequencies below ~ 250
MHz.

Some of the most extensive anechoic chamber
facilities devoted to RF biological effects work are tc
be found at the Department of Microwave Research
of the Walter Reed Army Institute of Research, Silver
Spring, Md. Similar conventional anechoic facilities
are found elsewhere; e.g., at the Bureau of
Radiological Health in Rockville, Md. at the U.S.
Environmental Protection Agency in Research
Triangte Park, N.C. (Figures 3-16 and 3-17), at the
U.S. Air Force School of Aerospace Medicine in San
Antonio, Tex., and at the Universities of Pennsylvania,
Utah, and Washington.

The principal advantages—applicable to exposures in
only the far-field zone of an antenna—of the free-field
exposure method are:

® The incident power density to which the subject is
exposed can be well defined to an accuracy of =1
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dB (+20 percent) or less. This makes replication of
experiments performed under free-field conditions
fairly straightforward.

® Depending on the directionality of the radiating
antenna, the exposure area where the irradiated
subjects are placed is large, and the irradiation is
nearly uniform (10 percent or less).

The principal disadvantages of free-field exposure
methods are:

® The facilities are costly and often require
extensive floor space.

® Very-high-power RF sources are needed to obtain
the necessary power density levels. Consequentiy,
many free-field facilities employed in bioeffects
research operate on either of two ISM frequency

EPA 2450-MHz anechoic chamber facility, or
2.45-GHz far-field exposure facility. Horn
antenna (top). temperature control chamber
{center), and one air duct {(bottom left} are
visible in the shielded anechoic room (Blackman
. et al. 1975, Elder and Ali 1975).

Figure 3-16.




Figure 3-17. EPA 2450-MHz anechoic chamber facility: Diagram of the microwave exposure facility (Blackman et a/ 1975; Elder

and Ali 1975)
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assignments used for microwave heating, 2450
MHz or 915 MHz, where high-power sources are
commercially available at relatively low cost. It is
for this reason, as well as the explosive growth in
the use of microwave sources at ISM frequencies
{e.g., microwave ovens and hyperthermia treat-
ment devices) and the resulting potential for
exposure of significant portions of the population,
that 2450 MHz has become an important
frequency for bioeffects research.

® Free-field systems are an excellent simulation of
the idealized exposure concept visualized in many
protection standards, but these systems do not
represent the real-life exposure situation en-
countered by humans.

® The whole-body-averaged SAR cannot be mea-
sured directly in a free-field situation. Reasonably
accurate estimates of the SAR can be made by
calorimetric measurements on animal carcasses.
{See Sec. 3.4, Dosimetric Methods.)

Various attempts have been made to modify
conventional free-field exposure methods to amelio-
rate the cost and space probiems associated with
them. A study (Bassett et a/. 1971) performed at the

Georgia Institute of Technology developed several
such techniques. One employs the absorber-lined
horn antenna, which enables a subject to be placed
much closer to the horn aperture than is the case with
a conventional horn and yet to remain within the far-
field zone of the radiator, so that a source of lower
power can be used to create the same power density
at the irradiated subject. One of these absorber-lined
horns has been used for several years at the National
Institute of Environmental Health Sciences in
Research Triangle Park, N.C. (Figure 3-18). Another
technique involves the compact range (Figure 3-19),
which uses a feed horn to irradiate a large parabolic
reflector. The test subject is exposed in the collimated
beam region of the reflector. The advantage of this
system is that it creates a much larger test volume of
nearly uniform field intensity with associated
decrease in the anechoic facility size, as well as
reduced requirements for absorbing materials. The
compact-range technique is used at the Naval
Aerospace Medical Research facility in Pensacola,
Fla.

As discussed earlier, a critical need in whole-body
exposure of animals is to expose large numbers of
animals. Consequently, in many experiments,
unrestrained animals have frequently been placed
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Figure 3-18. Diagram of absorber-lined horn (Bassett et a/. 1971).
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inside an anechoic chamber in a closely spaced
matrix for simultaneous exposure. This practice tends
to obviate the principal advantage of free-field
exposure methods, because the power density to
which the animal is exposed can no longer be
accurately defined due to RF-energy scatter from one
animal to another. The degree of scatter depends on
much the same factors as absorption (see Sec. 3.2.1)
and varies randomly as the animals constantly alter
their relative posture and orientation. Interanimal
scatter is most serious when the frequency of

RF Absorbing

exposure lies in the resonant and supraresonant
region. Several solutions to this problem have been
devised:

(a) sequential exposures of single animals in the
same free-field facility

{b) miniature anechoic chambers for exposing
animals individually

(c) separating the restrained animals so that they are
spaced one or more wavelengths apart

Figure 3-19. Diagram of a point-source compact range (Bassett ef 8/.1971).

Absorber Wall

Volume

I Test
|
|
I

— — — — — —

Collimated
Rays

-\

Refiector

Floor

3-28



The first solution is obviously costly and time-
consuming, and may not be acceptable in certain
critical biological experiments requiring all animals to
be exposed at exactly the same age or the same time
of day, etc. The second solution has been advanced by
Guy (1979) at the University of Washington in
Seattle. He has described a system of 16 miniature
anechoic chambers designed for chronic low-level (<
10 mW/cm?) exposure of rabbits and rodents at 2450
MHz; eight of these chambers are energized, and the
other eight serve as control chambers (Figure 3-20). A
similar chamber has been constructed at EPA (Figure
3-21). Such a system has, of course, the advantage of
ensuring total RF isolation between animais and,
although costly, it may be more economical in cost
and power requirements than is the conventional
anechoic chamber. :

The third solution has been tried by a few workers and
appears to be a reasonable compromise between the
conflicting requirements of adequate isolation and
low cost. Oliva and Catravas (1977) have described a
method for simultaneously exposing 10 animals in a
conventional anechoic chamber with minimal field
interaction between animals (Figure 3-22). The
animal cages are located on the antenna beam'’s
three-dimensional contour of constant power
density, with cages separated by ~ 2.5 wavelengths
at 2450 MHz. The authors claim that the average
variation of power density from one cage location to
another does not exceed *5 percent. The major
disadvantage of this technique is that its implementa-
tion may require a large exposure volume, which, in
turn, creates costly problems of ensuring satisfactory
environmental control. D'Andrea et a/. (1979, 1980)
at the University of Utah have developed an alternate
method involving a monopole radiator on a vertical
ground plane. The animals are located next to the
ground plane on a circular locus that is centered at
the monopole (Figure 3-23). Each circular array
contains 10 animals that are separated by ~ 5.5
wavelengths at 2450 MHz, and by 2.1 wavelengths at
915 MHz. This system offers the advantage of
reducing both space and RF-power requirements.
Furthermore, the presence of a ground plane makes
this system more representative of the real-life
exposure situation for humans. On the other hand,
the exposure characteristics of this system may not
be comparable to a conventional anechoic chamber
facility, so that caution is needed when data are
compared.

For situations involving the exposures of only one
subject at greatly increased power density values,
D’Andrea et al. (1977) and Hagmann and Gandhi
{1979) have discussed a modification of this system in
which a corner reflector is placed behind the
monopole. By placing the subject 1.5 wavelengths
from the corner point, one can get an SAR

enhancement of more than 20 times that obtained
without the rqflector.

3.3.1.2 Enclosed Systems

Enclosed exposure systems are those in which the
EM fields are contained within a conducting
structure. They fall into two basic. subcategories,
which are considered separately. (a) transmission-
line systems, and (b) cavity systems. The principal
advantages of enclosed systems are as follows:

@ By suitable monitoring of the incident, reflected,
and transmitted power in the exposure system,
more accurate SAR estimates can be made for the
exposed subject than is possible in free-field
facilities. The accuracy in estimating SAR
depends in part on how much base-line power loss
there is for the unloaded system and to what
extent it is affected by the presence of the exposed
subject.

® The cost and space requirements of such a system
are usually lower than those for free-field
methods, depending on the number of identical
systems needed. Also, much smaller and less
expensive power sources will suffice to establish
the same field intensities.

@ Better control of RF absorption in the irradiated
subject is possible.

The principal disadvantages are as follows:

® With the exception of TEM-mode transmission
lines (to be explained), the fields are complex and
not plane-wave equivalent, so that comparison
with free-field data is more difficult.

® With the exception of multimodal systems (also to
be explained), the exposure space available inside
such systems is limited. Although the available
space may be adquate for small animals such as
rodents, it may not be possible to fit a rabbit or
monkey in it. Thus, the variety of species that can
be employed in an existing facility of the enclosed
type is restricted.

@ The field distribution within the exposure system
is rarely as uniform as that found in a free-field
facility. The field distribution is well defined for
single or dominant mode operation, but undefined
for multiple-mode operation.

Enclosed systems have been the preferred exposure
method for samples, specimens, /n vitro preparations,
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Figure 3-20. Miniature anechoic chamber facility (Guy 1979).
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Figure 3-21. Photograph of tapered exposure chamber at EPA facility.
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Figure 3-23. Monopole-over-ground plane irradiation facility
{D’Andrea et a/. 1979, 1980).
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etc., since these materials are small enough to fit
easily inside such systems. Many experiments have
been described, too numerous to survey here, in
which various types of waveguide, TEM-mode lines,
and cavities have been used to irradiate such
preparations. In recent years, some enclosed-type
systems have been specifically designed for
whole-body irradiation of animals. They are discussed
here in more detail. Because of the need to define
accurately the field level to which the animal is

exposed, dominant-mode operation of these devices
has been preferred over multimode operation.
However, dominant-mode operation puts an upper
limit on the frequency of operation, depending on the
size of the system needed to expose an experimental
animal. For example, most of the dominant-mode
enclosed systems that have been used to expose rats
operate at frequencies below 1000 MHz; for mice,

“which require a smaller exposure volume, single-

mode operation to ~ 3000 MHz is possible. Since
free-field methods of exposure are largely impractical
at these lower frequencies, as discussed earlier,
enclosed systems do provide experimenters with
virtually the only practical and economical method of
exposing animals in the HF, VHF, and lower UHF
segments of the RF spectrum. A few large-scale
systems have been built to operate in the dominant
mode at HF and lower VHF frequencies; they are large
enough to accommodate a group of animals within
the exposure area, and the animal-to-animal
interaction problem is minimized because exposures
are conducted in the subresonant region where
interanimal scatter is minimal. However, at higher
frequencies such methods become impractical, and it
becomes necessary to provide an identical exposure
system for each animal to be irradiated. Each
exposure device is fed from a single high-power
source by a power dividing network. One of the basic
electrical problems associated with any enclosed
exposure system is that, when loaded, there is
considerable reflection of RF energy from the load,
which propagates via feed lines back to the RF power
source. This characteristic creates particular
problems for multiple systems fed by a single power
source because, without sufficient isolation between
each exposure device, energy is continuously
reflected from one system into the others and causes
unwanted fluctuations in the RF energy incident to
each system. These problems can be solved by
installation of isolators in each feed line to prevent
the reflected energy from reaching the dividing
network and the RF power source. The two categories
of enclosed system are discussed separately.

Transmission lines—In these systems, an EM wave
propagates down the line from source to termination.
When the line is terminated in its characteristic
impedance, only the outwardly propagating wave
exists with no reflected wave present. (The
characteristic impedance is a basic electrical
parameter that is defined by the line’s configuration
and dimensions.) However, if the line is terminated in
a short circuit or an open circuit, all the energy is then
reflected at the line’s termination. The two systems of
traveling waves together create a standing wave that
possesses successive maxima of electric and
magnetic fields (E and H, respectively) spaced a
quarter of a wavelength apart. (This property is a
useful feature that has been used by some workers to
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expose specimens or samples to isolated E or H fields,
depending on the location along the line.) The
characteristics of a shorted or open transmission line
are similar to those of the resonant cavity, and are
discussed below.

Transmission-line devices can be subcategorized into

TEM-mode or waveguide. In TEM-mode lines— -

coaxial air lines, parallel-plate (strip) lines, etc.—the
dominant mode of operation is a propagating TEM
mode, provided the line is properly terminated in its
characteristic impedance. in TEM-mode operation the
E- and H-field vectors are mutually orthogonal, and
they lie only in the plane transverse to the direction of
wave propagation. The resulting fields are virtually
identical to those of a plane wave, so that itis possible
to simulate free-space conditions inside such lines,
provided that the exposed subject does not occupy
more than about a third of the line’s cross-sectional
area. (if the one-third restriction is exceeded, ground-
plane effects are observed.) Because of its circular
cross section, the coaxial air line has been used only
with fluid or precut solid samples; the primary
application has usually been in making dielectric
. measurements. A sophisticated coaxial air-line
system, designed to expose cell cultures to high field
strengths, has been described by Guy (1977) (Figure
3-24). Parallel-plate systems consisting of a
conductor located over a ground plane or between
two ground planes are better suited to animal
exposures since they provide a rectangular volume
where animals can be exposed. D'Andreaetal. (1976)
have described a simple parallel-plate system usedin
the range 200 to 500 MHz (Figure 3-25). This system
is equivalent to a large-scale version of a microstrip
line with air dielectric. Capacitive-plate devices,
which are equivalent to a short length of parallel plate
that is terminated in an open circuit, have been used
for exposing /n vitro preparations to isolated electric
fields. This type of simple device has been incorporated
in a unique HF-band (10- to 40-MHz) exposure
system developed by the National Bureau of
Standards (Figure 3-26). Termed a near-field
synthesizer, it is capable of separate E- and H-field
excitation, the latter generated by special loop
inductors (Greene 1976). By altering the spatial
position of the loop with respect to the E vector and by
changing the phase relationship between the signals
exciting the plates and the loop, one can simulate the
complex field environment existing in the near field of
an HF source. Two of these systems are being used at
present: one is at the U.S. Air Force School of
Aerospace Medicine, Tex., and the other at the
National Institute of Occupational Safety and Health
laboratory in Cincinnati, Ohio.

Triple-plate lines, in which a conductor is mounted
between two ground planes, have been used by a few
workers. These lines have the advantage of allowing
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for simultaneous irradiation of two animals whiie
maintaining good isolation between them. in a more
popular version of this system, the open sides of the
structure are closed off with two side plates so that the
center plate is entirely surrounded by a rectanguiar
ground structure. Such lines are commercially
available in different sizes (from Instruments for
Industry, Inc., Farmingdale, N.Y.) and have. been

"termed “Crawford cells”” by the manufacturer, after

M.L. Crawford (1974) of the National Bureau of
Standards, Boulder, Colo., (aiso available from Narda
Microwave Corp., Plainview, N.Y.). This author
prefers the term “‘rectangular strip line.”” In addition,
a few large-scale facilities of this type have been built
for various specialized exposure applications at
relatively long (2 3 m) wavelengths. The largest is at
the Defence Research Establishment in Ottawa,
Canada, and is being used to measure human RF
absorption in the HF band. A smaller facility has been
used at the U.S. Air Force School of Aerospace
Medicine for exposing infrahuman primates and
phantoms to 10- to 50-MHz radiation (Allen et al.
1976). The U.S. Environmental Protection Agency
has also built a Crawford-type structure (Figure 3-27)
for exposing 20 rats to 100-MHz radiation.

The second category of transmission-line devices,
waveguides, cannot support the propagation ofa TEM
mode so that the incident radiation is inevitably more
complex than that in a TEM-mode line. However, the
lack of a center conductor means that more exposure
space is available in waveguides than in the
corresponding TEM line. Multiple systems that use
commercial waveguide systems have not been
applied much for animal whole-body irradiation
because of high cost. Ho et al (197 3) have described a
single, environmentally controlled system employing
a standard S-band rectangular waveguide that has
been used in studies of mice at 2450 MHz. Ho et al.
{1976) have also described a system of six waveguides
fed from a common 2450-MHz source that provides
simultaneous irradiation of six mice. Besides cost,
another probiem associated with using standard
waveguides for whole-body irradiation is the high
mismatch condition created by the presence of an
animal in the waveguide. As discussed earlier, this
necessitates the use of costly isolation circuitry. This
problem has, to a certain extent, been eliminatedin a
specialized waveguide system developed by Guy and
Chou (1976) at the University of Washington in
Seattie. Guy's system is specifically tailored for
chronic whole-body irradiation of rats for extended
periods of time with known and reproducible
dosimetry. It consists of a number of 20-cm (8-in})
diameter circular waveguides (Figure 3-28), eco-
nomically constructed from galvanized wire mesh
and short lengths of brass tubing, in which a
circularly polarized TE,s dominate mode is excited at
915 MHz. Figure 3-29 is a photograph of this type of
tacility. The use of circular polarization (see Sec. 3.1,



Figure 3-24. Coaxial air-line system for high power exposures of cell cultures (Guy 1877).
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Figure 3-25. Parallel-plate {microstrip) exposure system {(D’Andrea er a/ 1976).
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Figure 3-27. EPA 100-MHz rectangular strip line or
Crawford cell.

Electromagnetic Field Theory} has two major
advantages:

1) The wide variations in absorption due to constant
changes in the animal’s orientation are partially
reduced so that the energy coupled to the animal
load remains relatively constant. Note that,
whereas in a linearly polarized free-field of perfect
field uniformity, the average SAR can vary by =5-
8 dB (=50 percent) at or near resonance, in this
system, the average variation of SAR does not
exceed —0.4 dB (=8 percent), even though the
incident field uniformity is far from constant.

The hybrid coupler used to establish the circular
polarization in the waveguide provides a way to
isolate reflected from incident energy. One
achieves the isolation by dumping most of the
unwanted reflected energy into a load connected
to the hybrid, rather than allowing it to return
through the power dividing network to the source.
This technique effectively reduces the mismatch
normally encountered with loaded waveguides
{mean voltage standing wave ratio of less than
1.5:1) and permits parallel operation of multiple
units with less isolation circuitry.

Guy et al. (1979) have described a modifiction of this
waveguide system such that it operates in a
multimode field configuration at 2450 MHz. Though it
is difficult to define quantitatively the incident energy
levels in these units because of the complexity of the
fields, the absorption characteristics have been well
defined for rats of varying weights. An extensive
system of 100 of these units has been instailled at
Guy's laboratory (Guy et a/. 1980a) for conducting a
chronic radiation study in which rats will be
continuously irradiated over a 3-year life span. This

2

—

Figure 3-28. Physical details of the exposure chamber of the circularly polarized 915-MHz waveguide facility (Guy and Chou

1976).
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Figure 3-29.

study underlines a major advantage of Guy's
waveguide systems: animal subjects are able to live
continuously in their exposure system with minimal
disturbance to their normal living patterns and
without artifactual perturbation. Consequently, the
system is ideal for the kind of chronic, long-term
studies that are now being emphasized.

Cavities—The resonant cavity, which is the. microwave
analog of the lumped-element tuned circuit, consists
of a cylindrical, rectangular, or square box with
conductive walls. By suitable means, a system of
standing waves may be excited within the cavity. By
adjusting the cavity dimensions, the system can be
made to resonate at the frequency of excitation, such
that intense field levels are created within the cavity.
The use of the resonant cavity as an exposure device
has both a major advantage and disadvantage. A
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Exposure chamber with associated instrumentation for the 970-MHz circularly polarized waveguide facility at EPA.

cavity system represents the most efficient way to
couple RF energy into a subject per watt of input
power; this coupling constitutes its principal
advantage. The primary disadvantage is that the field
structure within a resonant cavity is probably the
most complex to be found in any exposure device.
Although some researchers have argued that the
field structure within a resonant cavity, particularly
when operated multimodally, is a good simulation of
the complex multipath environment in which humans
are often exposed, it is unlikely that the human
exposure environment ever approaches this level of
complexity. For the reasons already discussed, .the
field complexity existing within a cavity makes it
difficult to compare experimental data obtained in a
particular cavity with those obtained in free-field
exposures or even another cavity. Indeed, there are
some basic differences between a free-field exposure
system and a resonant cavity. For a resonant cavity



that is empty (unloaded), or that contains a biological
load small in comparison to the cavity's volume
{(minimal loading), the fields in the cavity are in a
standing-wave condition and do not propagate; the
energy within is only stored. When the loading is
greater (i.e., when the exposed subject occupies an
appreciable fraction of the cavity’'s volume) the fields
are hybrid, containing both stored and propagating
energy. Because the fields are in a standing-wave
pattern, minimally loaded cavities are useful for
simulating a quasi-static interaction in which object
size is small relative to wavelength (i.e., a long-
wavelength type exposure). This characteristic has
been used by Guy et al (1976), who designed a large
rectangular cavity that could be excited either
separately or jointly in the TM110 or TE102 modes at
frequencies of ~ 147 MHz (Figure 3-30). This system
has been used to study absorption distributions in
scaled-down phantom models of man independently
exposed to electric or magnetic fields, depending on
the mode of excitation. Single-mode circular cavities
have also been used by Edwards and Ho (1975) for
exposing the head of a monkey at 385 MHz. Guy and
Korbel {1972) have discussed the dosimetric aspects
of a rectangular cavity used to multiply expose rats at
500 MHz and have sought to emphasize some of the
problems associated with cavity exposure systems.
Recently, Spiegel et al. (1980b) described an
interesting variable-volume cavity that contains
movable walls such that the cavity can be tuned
across a wide frequency range. The system is capable
of simultaneously exciting two independent cavity
modes and can be used to synthesize complex EM
fields.

Figure 3-30. VHF resonant cavity facility (Guy et a/ 1976)
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a) Exposure of phantom scale model of man in a resonant cavity.

Multimodal cavities, such as microwave ovens, have
been used frequently for experimental purposes
because of ready availability and modest cost
(Justesen et al. 1971). Where ovens have been used,
they have been extensively modified to achieve the
experimenter’'s objectives. Multimodal cavities have
often been preferred over single-mode types because
of the larger exposure volume available and the more
uniform field distribution. The latter is achieved by a
mode stirrer that helps average out the field
variations within the cavity. The degree of field
uniformity achieved in these devices seems to
depend greatly on its design. Heynick et a/ (1977)
have described a multimodal cubical cavity suitable
for irradiating nonhuman primates at 2.45 GHz
(Figure 3-31). Each unit possesses its own regulated
power source. Twelve of these units have been used
at SRI International, Menlo Park, Calif., for chronic
irradiation of a group of squirrel monkeys as partof an
EPA-sponsored project. Each cavity housed two
animals plus offspring.

3.3.1.3 Conclusions and Unresolved Issues

Diverse exposure methods are used in biological
effects experimentation, most of which differ
considerably in their field characteristics. Since each
has its own particular advantages and disadvantages,
the choice of which system to use has depended
on the application. For experiments involving whole-
body irradiation of animals, some kind of standardized
method of exposure on which most researchers can
agree is needed. Although such ideas have been
proposed and discussed in the past, they are difficult
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b) Block diagram of resonant cavity driving system.
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a) Microwave cavity with door open, showing mode
stirrer, iris, radiopaque windows, and waste-
collection tray.

to implement because many exposure requirements
are conflicting, and, therefore, no one exposure
system .can satisfy all of the various requirements.
However, some agreement on standardization should
make experiments more readily replicable and effects
more readily confirmed. Further efforts are needed to
this end.

During the past decade, there has been significant
improvement in the exposure facilities available for
biological experimentation. Many of these facilities
have succeeded in overcoming the deficiencies
inherent in many of the older exposure devices.
Exposure systems specifically designed for chronic
irradiation studies must also be developed further,
particularly to reduce their cost without significant
sacrifice in performance.

Also seriously needed are further studies that
compare absorption and biological end points for
different forms of exposure. This problem can be
summarized as follows: For the same experiment
performed in different exposure systems involving
plane-wave, complex, or multi-path fields, are there
differences in biological outcomes even where the
same whole-body-averaged SAR is maintained
throughout?
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b) Dielectric cage.

3.3.2 Animal Holders

Any experimental irradiation of nonanesthetized
animals requires use of some form of holder or
restrainer to keep the animal in a location of known
field strength or power density. For multiple animal
exposures, it-is also necessary to keep the animais
separated from each other. From a dosimetric point of
view, the optimal exposure condition is one in which
the animal is constrained in one orientation and
posture. This way, both whole body and regional
dosimetry could be determined with satisfactory
precision. However, complete restraint of an animal
is considered by most biologists an excessive stress
and, therefore, unacceptable. Consequently, the
commonly accepted exposure environment represents
a reasonable compromise between these conflicting
demands: the holder is designed to restrain the
animal, allow it to change posture and orientation,
and aiso allow for a small degree of lateral and
vertical movement.

3.3.2.1 Perturbation by Restrainers

One of the important criteria in designing animal
holders is that they be constructed of materials that



cause the least perturbation of incident fields
possible. What that means is that cages can be built
only from nonmetallic materials. Various types of
low-loss dielectric materials are available inrigid and
semirigid form, and have been the material of choice.
The most popular has been acrylic plastic (polymethyl
methacrylate), because of its optical transparency,
superior mechanical strength, and ease of machining.
Some experimental and analytical studies have been
performed to determine the degree to which these
materials perturb the incident field (Weil 1974; Lin et
al. 1977). These studies showed that, under certain
conditions, these materials can indeed cause
serious field perturbations, so that the real power
density of the field to which the animal is exposed is
not known precisely. Use of foamed polystyrene
instead of acrylic is a possible solution. Foamed
polystyrene has a relative permittivity value close to
unity and creates only minimal field perturbation.
However, two disadvantages are associated with
polystyrene materials: They are optically opaque, so
that animals cannot be observed in their cages; and
they are not strong and can be readily gnawed by
rodents. Coating the material with a substance to
which the rodents are averse, such as quinine, has
been tried by a few workers(Catravas 1976) to reduce
gnawing. However, this practice adds an unwanted
additional insult to the experimental subjects.
Nonetheless, foamed polystyrene is useful in studies
involving short-term exposures.

A more recent paper by Ho (1978) questioned the
significance of the incident-field perturbations
created by holders made of acrylic materials. In an
analytical study involving a two-dimensional model
that contained a cylinder of muscle-equivalent
material mounted concentrically inside an acrylic
cylinder, Ho showed that despite a significant
perturbation of the incident field in the empty holder,
there was relatively little perturbation in the whole-
body-averaged SAR and the SAR distribution inside
the muscle-equivalent cylinder when compared with
that which existed when no holder was present. Ho
concluded that large perturbations of the field created
by animal holders do not automatically create a
correspondingly large perturbation in the animal’s
absorption rate because the presence of a mass of
lossy dielectric {i.e., the animal) tends greatly todamp
out the standing-wave patterns created by the acrylic
holder. Further experimental observations are
needed to confirm this conclusion.

As part of a behavioral investigation, Gage et al.
(1979) investigated the influence of two different
holders on the whole-body SAR of rats and mice at
2450 MHz. One holder was a cuboidal container
made of foamed polystyrene; the other was an acrylic
cylinder. They concluded that there was a significant
alteration of SAR values for both rats and mice due to
the presence of the acrylic cylinder when the animals
were oriented parallel to the E field. This effect was

considerably more pronounced in the mouse,
probably because 2450 MHz is a frequency close to
resonant absorption for the E-parallel orientation of
the mouse.

3.3.2.2 Feeding and Watering During Exposure

Experiments involving chronic, long-term RF
irradiation of animals usually require that some
arrangements for food and water be made during
irradiation. Provision of food does not present
difficulties if the standard form of dry food pellets fed
to laboratory animals is used, since these peliets
absorb little RF energy. However, providing drinking
water or liquid nutriment does present some
problems because water is a comparatively good
conductor and, therefore, absorbs energy. Two
methods of supplying ‘water have been used; each
has problems.

In the first, the water reservoir is placed in the
exposure system with the animal. The major
disadvantage here is that, since the water supply is
located in a high-field-strength environment, it
absorbs RF energy and perturbs surrounding fields.
These factors create uncertainty in both dosimetric
and densitometric measurements. Furthermore, it is
conceivable that, if the field levels are intense
enough, the water temperture could rise until the
animal would refuse to drink. Consequently, this
approach is not recommended.

The second method involves placing the reservoir
outside the exposure system in a region of little or no
field strength, and supplying water to the animalviaa
supply tube or pipe.This method is superior, but it too
has associated pitfalls which, without special
precautions, can introduce serious experimental
artifacts. As Guy and Chou (1976) have pointed out,
the water tube or pipe provides a conductive pathway
for microwave currents. When the animal attempts to
drink, a circuit is closed between the animal, which is
at high potential, and the water reservoir, which is at
zero or ground potential. RF currents then pass from
the animal to the watering system; because the
contact point area is small and involves sensitive
tissue, a high current density may exist in the
animal’s tongue. Since the animal will find this
condition aversive, it will probably refuse to drink.
Therefore, the RF current flow through the water
supply system must be interrupted. Three methods of

- ‘interruption have been devised: (a) When the animal

interrupts a beam of light using a tongue-licking
operant, 3 small bolus of fluid is injected into the
animal’'s mouth (King et a/ 1970); (b) the animal
holder is equipped with a small water trough which is
continuously supplied through a water drip system;
and (c) an RF-choke assembly is placed between the
animal and the water reservoir to effectively decouple
the animal from the water supply when drinking
(Figure 3-32). In the choke assembiy design (applying
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Figure 3-32. Water-supply system for exposure chamber
(Guy and Chou 1976).
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only to enclosed systems), water is supplied through
copper tubing that forms the center conductor of a
shorted quarter-wave section of a triaxial air line. To
prevent the animal from coming into contact with the
copper tubing, a short section of glass or acrylic
tubing is mounted at its tip. The choke assembly
effectively provides a high impedance at the point of
animal contact and thus reduces the RF currentinthe
watering system to near zero.

3.3.3 Densitometric Instrumentation

Densitometry is the measurement of RF-field
strength and is usually expressed in units of
equivalent plane-wave power denisty. Dosimetry is
the measurement of absorbed energy, or the rate of
energy absorption by some object in an RF field. In
this section, the relationships between the strength
or intensity of an RF field and a suitable and
measurable field variable are given. The question of

what constitutes a suitable variable .has been

addressed (Bowman 1970). For a linearly polarized
plane-wave EM field in free space—and, for practical
purposes, in air—the following relationships exist
between the electric field, the magnetic field, the
power density, the electric energy density, and
the magnetic energy density:

E = no

H (3-12)
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No = (to/ €)' 2 (3-13)
w =E? =noH?
No (3-14)
U =" (€0 E2 + uoH?) = Ug + Uy {3-15)
Ue = Un (3-16)

where E = electric field, V/m
H = magnetic field, A/m _
no=characteristic or intrinsic impedance of
free space, 377 Q
Mo = permeability of free space, H/m
£o = permittivity of free space, F/m
W = power density, W/m?
U =total energy density, J/m?
Ue = electric energy density, J/m?3
Un=magnetic energy density, J/m?3

The quantities u, and &, are properties of the medium
and are scalar constants for free space. Equation 3-
12 therefore states that in free space the magnitudes
of E and H are related by a constant factor n.. Equation
3-14 relates the power density W to individual field
components E and H for the basic plane wave.
Equation 3-15 is a general relationship for the total
energy density U of an RF field and defines the
individual electric- and magnetic-field energy densities
Ue and Un.

The relationships between field variables for a plane
wave are simple, so that the measurement of any one
field parameter allows calculation of the others.
Although power density is a variable of interest in
biological effects studies, it is particularly difficult, if
not impossible, to measure .directly because it is a
time-averaged vector cross productthat, ingeneral, is
not expressed as simply as Equation 3-14. However,
it may be indirectly evaluated for plane waves by
measurement of the E or H field, as indicated by
Equation 3-14. This measurement, when coverted to
units of power density (W/m?) by Equation 3-14, is
referred to as the “equivalent plane-wave power
density.”” Above 1 GHz, it is usually not necessary to
measure both the E and the H fields (Bowman 1970),
whereas below ~ 300 MHz, the H field becomes
increasingly important, and an independent mea-
surement of H is necessary (Aslan 1979; Lin et al.
1973).

However, .power density is inappropriate in the
evaluation of near fields of antennas or fields near
reflecting surfaces because intense fields can exist in
these regions when the power density is low or even
zero. A plane wave normally incident on a conducting
surface can create standing waves with large E andH
values but very iow power density. Since power
density is a measure of the power flow across a unit
area, the net power flow of a plane wave normally
incident on a conducting surface and reflecting back



is zero (or small in practical cases), and hence the
power density is zero. The E and H fields in that case
would be in a standing-wave pattern with amplitudes
twice those of the fields of the incident wave.

In the near field of sources or for complex RF fields,
the E and H fields are not related by Equation 3-12;
however, Equation 3-15, which related the individual

E and H fields to their respective energy densities, is -

always true. Therefore, measurements of both the E
and H fields are required to evaluate the total energy
density where Equation 3-12 does not apply.

Bowman (1970), Swicord (1971), and others have
described the desirable characteristics of an
instrument for quantifying hazardous EM fields. The
instrument and probe should (1) measure in terms of
energy density and respond only to the variable being
measured, (2) be small to permit a high degree of
spatial resolution and thus be useful in small
volumes, and (3) have an isotropic response and be
insensitive to field polarization. The probe should also
cause little scattering of the field and operate over a
broad frequency range. The instrument and probe
should be battery powered, lightweight, and rugged,
and should read either peak or average values and
have a dynamic range of at least 20 dB (one
hundredfoid) without the need to change probes. The
readout instrument should be direct reading and free
from susceptibility to RF interference.

Many approaches have been used to develop field
probes that meet these criteria. The most successful
and enduring designs have centered around the thin-
film thermocouple or bolometer sensor/antenna and
the crystal detector/antenna. The first type of sensor is
a square-law-responding device that senses a
temperature change due to the absorption of energy.
The second type uses a semiconductor diode that
produces a voltage or current related to the strength
of a field variable. The diode can respond as either a
square-law detector or a linear detector, depending
on the region in which it is operating. Some
commercially available electric-field probes are
shown in Figure 3-33.

3.3.3.1 Electric-Field Probes

The NBS EDM-2 electric energy density meter
{Belsher 1975) was developed for accurate measure-
ment of occupational exposure to EM fields from 10 to
500 MHz. This probe uses three short orthogonal
dipoles terminated by crystal rectifiers to detect the
RF field, and produces an isotropic response within
*+1 dB. The DC signal appearing on the diodes is
conducted to the meter’'s circuits through RF-
transparent high-resistance lines. The meter displays
electric energy density in units of microjoules per
cubic meter. Energy density was chosen as the field
variable to be displayed because of the ambiguity of
power density in the near field of radiating elements.

The meter has a dynamic range of 50dB in nine ranges
from 0.003 to 30 uJ/m3. Although the probe’s
detector diodes are used in both the square-law and
linear regions, a square-law response is achieved
over most of the range by a varistor network. The
meter is calibrated at specific frequencies within the
FCC ISM bands at 13.56, 27.12, and 40.68 MHz. The
frequency response is flat within 1.0 dB overthe 10-
to 500-MHz operating range. One of the improvements
in the EDM-2 device over previous designs is reduced
temperature-induced drift. The reduced drift is
achieved by loading of the dipole-detector diodes with
equivalent load diodes. This technique has reduced
the temperature response to < 0.7 percent/°C in
the 15 to 35°C range. The field probe design provides
a rapid response time to permit observation of
the modulation of the field and the measurement of
peak values. The rise and fall times (10 to 90 percent
of the signal and 90 to 10 percent of the signal,
respectively) are both < 0.6 ms on the most sensitive
range.

A commercial version of the NBS electric-field probe
is marketed by Holaday Industries (Edina, Minn.). This
field-strength meter (Model HI-3001) operates over
the frequency range 0.5 to 1000 MHz and is accurate
within 1.0 dB over this range. The meter has an
isotropic response within 1.0 dB and has peak-hold
and read circuitry to capture the highest reading
observed. The response time is 1.5 s. Measuring
range of the meter is 1 to 3160 V/m in six ranges on
an analog meter. An audible tone, with a pitch
proportional to the meter reading, is provided to
prevent operator overexposure in survey applications.

Iin 1980 the General Microwave Corporation (Farming-
dale, N.Y.) introduced the RAHAM Model 4A
radiation-hazard meter. This instrument is a
broadband crystal-detector design with a frequency
coverage of 200 kHz to 26 GHz, and a display
calibrated in units of equivalent plane-wave power
density that ranges from 0.001 to 20 mW/cm?2. This
meter has an isotropic response, is battery powered,
and has a response time of 1.5 s.

For use in the near field, Rudge (1970) constructed an
electric-field probe using two short crossed-dipole
antennas. This meter was designed to operate from
915 to 2450 MHz in proximity to RF emitters. The
probe detected the electric field in two perpendicular
planes, and was calibrated in power density terms.
Rudge carefully . analyzed sources of error in the
design of near-field probes. His study included the
effects of field curvature and antenna backscatter,
particularly with regard to multiple coupling and
impedance variation, both of which affect the
calibration of the field probe. The major source of
scattering was the probe’s antenna, particularly
when the lengths of the dipole wings were of the
order of one-fourth wavelength. The prototypal probe
achieved a dynamic range of 47 dB with a square-law
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Figure 3-33. Samples of commercially available survey meters for measuring RF electric-field strength. From left to right the units
shown are: The Narda Microwave Corporation Model 8315A meter with a Model 8321 isotropic probe; the General

Microwave Corporation Model 481A meter with a Model 81 probe; and the Holaday Industries, Inc., Model HI-3001

meter and probe.
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response, by addition of fixed values of load
resistances at increasing power levels to keep the
detector diode operation in the square-law region.
Sensitivity was reported at 300 nW/cm? with a probe
antenna of 8-mm overall dipole length.

Bassen et a/. (1975) developed a miniature broadband
electric-field probe. Although the probe was designed
for free-space operation, the ultimate goail was to
develop an implantable isotropic probe for biological
effects research (Bassen et a/. 1977a). With 3-mm
dipole elements, the free-space probe achieved a
relatively flat frequency response over the range of
915 MHz to 10 GHz. After some refinements were
incorporated (Bassen 1977; Bassen et a/. 1977b), the
probe was tested over a frequency range of 200 MHz
to 12 GHz. The improved version had a 30-dB
dynamic range with a 20-uW/cm? sensitivity,
isotropic response to =2 dB, a detection bandwidth of
2 kHz, and a spatial resoiution of ~ 3mm.

The requirement of small size was imposed on the
implantable-probe design to ensure minimal alteration
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of the field when the probe is used relatively close to
sources and dielectric boundaries. At the same time,
the constraint of small dipole size has the further
advantage of extending the frequency response of the
probe into higher frequencies. With 3-mm dipoles,
theoretically, resonance should occur at 50 GHz. The
probe uses dipole elements terminated with three
zero-bias Schottky diodes for a maximal square-law
response, arranged in an “‘I”’-beam configuration.
High-impedance leads are connected to the diodes
and routed along the probe’s body to an optical
telemeter. A fiber-optics cable then routes the
digitally encoded field-strength signal to a digital
receiver that is calibrated to display the equivalent
plane-wave power density. A commercial version of
the miniature field probe is marketed by Electronic
Instrumentation and Technology (Sterling, Va.).

An electric-field sensor (EFS) and readout system
capable of operating over the frequency range 10 kHz
to 200 MHz has been developed by Instruments for
Industry, Inc. (Farmingdale, N.Y.) and was described
by Ruggera (1976). The EFS-1, -2, and -3 are linearly



polarized square-law electric field detectors with an
analog readout calibrated in volts per meter. The EFS-
1 is intended for CW fields, the EFS-2 for pulsed
fields, and the EFS-3 for both types of fields with the
addition of a peak-reading provision. The dynamic
range is 1 to 300 V/m with antennas of different
lengths. An optical transmitter is used when remote
readout is required, which eliminates field perturba-
tions introduced by metallic cable. An isotropic
monitor has also been designed (RHM series) that
essentially encloses three EFS-series sensors in one
box. Readings from each sensor can be summed (by
the square root of the sum of the squares of the field
strengths) to measure the total electric field, or a
particular sensor can be read directly when field
polarization is a variable of interest.

Another design of an electric-field probe uses thin-
film thermocouple arrays acting as both the dipole
antenna and the detection element. The dipole
elements are lossy; therefore, their temperature
increases proportionally with the square of the
tangential electric field. The dipole elements can be
thought of as the series connection of a large number
of tiny thermocouple dipoles. This detection method
provides true square-law response and produces
signals proportional to the average energy density of
the electric field in the measured volume.

The Narda Microwave Corporation (Plainview, N.Y.)
produces a wide selection of RF-radiation monitoring
instruments, such as the Model 8606 broadband
isotropic radiation monitor. This instrument uses
three orthogonal, thin-film thermocouple sensors that
respond to the square of the electric field. Two probes
are available that have the combined dynamic range
0f 0.02 to 100 mW/cm? over the frequency range 0.3
to 26 GHz. The probes have isotropic response within
+0.5 dB except when the electric field is aligned with
the handle axis. The General Microwave RAHAM
Model 3, another electric-field-sensitive meter
with thin-film thermocouple sensors, performs
comparably to the Narda 8606 system. The Narda
8100 series meters were designed earlier (Aslan
1970) for measuring the leakage of microwave ovens,
dryers, and medical equipment, which operate at 915
and 2450 MHz. The probe used with the 8100 series
meters is not isotropic but must be oriented with the
probe handie perpendicuiar to the wavefront. Three
probes are used to measure across a dynamic range
of 0.02 to 200 mW/cm2. The probes contain two
orthogonal, thin-film vacuum-evaporated thermo-
couple elements that function both as antennas and
detectors. When the probes are used at 915 MHz, an
adapter is attached to the end of the probes, so that
the effective length of the dipoles is increased. This
increase in length compensates for the reduced
efficiency of the antenna at 915 MHz.

3.3.3.2 Magnetic-Field Probes

As discussed previously, measurement of only the
electric field for frequencies below ~ 300 MHz does
not fully characterize the hazard or heating potential
of an RF field, because the electric and magnetic
fields are not related by the free-space intrinsic
impedance at frequently encountered distances from
radiation sources. Iin the mid-1970's, NIOSH
supported an NBS effort to develop a magnetic-field
probe that would operate in the 10- to 300-MHz
band. Two probes were developed (Greene 1975a,b)
that consist of small single-turn, balanced loop
antennas 10 and 3.16 cm in diameter. The dynamic
ranges of the two probes are 0.5 t0 5.0 A/m and 5.0
to 50 A/m, respectively. The probes are capable of
measuring the magnetic field within a few centi-
meters of an RF-radiation source, in the near field.
The loop antennas are constructed with two short
gaps; one gap is terminated with a silicon diode that
detects the induced RF voltage; the other gap is
terminated with a capacitor to bypass RF currents
without short-circuiting the DC output. The DC signal
is then transmitted over NBS-developed conducting
plastic lines to an electrometer voltmeter. One of the
inherent problems of loop antennas is that the
response is proportional to frequency, which makes
these antennas particularly sensitive to errors if
harmonics (integral multiples of the fundamental
frequency) are present in the field under study.
Greene also shows that both the electric-dipole
response of the loop and the partial-resonance effect
increase with frequency. An experimental method is
provided to minimize the error due to electric-field
sensitivity, and plots are provided for the two probes
to indicate worst-case measurement error vs.
frequency due to the electric-dipole response. The
self-resonant frequencies of the two loops were
computed to be 280 and 760 MHz for the 10- and
3.16-cm loops, respectively, and a correction curve
was provided to estimate the increase in response
due to this effect.

Aslan (1976) reported the development of a
magnetic-field-radiation monitor that has a frequency
response within 1.0 dB over the frequency range of
10 to 200 MHz. Two probes, the Narda Corporation
Models 8631 and 8633, are used to provide a full-
scale measurement range of 0.2 to 100 mW/cm?.
(Sensitivity extends to 20 uW/cm? on the Model 8631
probe.} These probes have an isotropic response
(0.5 dB) and accept all polarizations. Each probe has
three orthogonal coils; each coil has two turns. The
coils are terminated with thin-film thermocouple
elements. High-resistance lines are used to route the
DC signal to a preamplifier in the handle of the
shielded probe, and the preamplifier output is con-
nected via shielded cable to an indicating meter. To
achieve a partial solution to the problems of
frequency dependence of loop antennas, the coils
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were designed to be series resonant slightly below
the low-frequency end of the operating band. The
response of the coils increases at frequencies above
200 MHz, as the electric-dipole effect begins to
govern the response.

Magnetic-field probes of various designs were
reviewed by Ruggera (1976); many were commer-
cially available and others were experimental..
Ruggera described electric-field-shielded loops
constructed with semirigid coaxial transmission line
from 2 to 6 cm in diameter. Ruggera also described an
isotropic, electric-field-shielded, three-loop, ortho-
gonal, magnetic-field probe that has a cross-polariza-
tion rejectivity of ~ 20 dB from 40 kHz to 50 MHz.
Signals from the probe are recovered with terminated,
coaxial cables. In addition, the author described a
three-axis, magnetic-field-measuring instrument
developed by Southwest Research Institute. The
original design was plagued by cable-pickup
problems, which limited the usable frequency to 50
MHz. Refinements by the FDA Bureau of Radiological
Health (BRH) that incorporated the optical telemetry
systems (see Sec. 3.3.3.1) used on the BRH miniature
electric-field probe led to a flatter frequency response
over the extended frequency range of 150 kHz to 150
MHz.

In 1981 Holaday Industries introduced a new
magnetic-field probe for their 3000 series of field-
strength meters. The Model STH-O1 probe has a
frequency response of 5 to 300 MHz within +2 dB.
The uniformity of response improves to 1 dB over
the range of 10 to 200 MHz. When used with the HI-
3001 meter {Sec. 3.3.3.1), full-scale sensitivitZ of the
probe is 0.1 A2/m?in the low range and 1.0 A/m?in
the high range. The sensor consists of three
orthogonal loops terminated with detector diodes
that rectify the RF voltages induced in the loops. The
sensors can withstand an 800-percent overload
above the fuli-scale field strength without damage.
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3.4 Dosimetric Methods
James B. Kinn

Dosimetric methods are used to determine where
and how much energy is absorbed by a biological
target. Two areas are considered: (1} whole-body
dosimetry, dealing with the integrated or spatially
averaged SAR for the entire animal; and (2) regional
dosimetry, dealing with the SARs or internal field
strengths in a specific site of the biological target.

3.4.1 Whole-Body Dosimetry

Whole-body dosimetry is based on either a power
difference or a calorimetric method. The power-
difference method is limited to closed exposure
systems such as waveguides, TEM-mode trans-
mission cells, and coaxial air lines. In this method,
power meters are attached to the exposure systems
by directional couplers to measure the incident,
reflected, and transmitted power through a section of
the closed system containing the biological target.
The power absorbed by the biological target is then
measured by subtracting the values of the reflected
and transmitted power from the incident power. In
the case of exposure systems using live animals, the
values of those three measurements vary as the
animals move, because absorption is a function of
the animal’s orientation relative to field polarization.
What is needed is a data-collection system that can
integrate the measured power difference and then
determine an average over a period of time, usually
the exposure duration (Christman et a/. 1974; Hoand
Edwards 1977b). The advantage of this method is
that it provides on-line instantaneous measurements
of absorbed power. A disadvantage is that its
optimum application is in single-animal exposure;
simultaneous exposures of multiple animals in the
same closed system would result in average dose
rate values for the group, rather than for ‘an
individual animal. A second disadvantage is that,
under exposure conditions where the RF energy
absorption rate is very low, it may be impossible to
measure the power absorption, because the
measurement error in the power meter exceeds the
computed power difference.

Calorimetric methods use the thermalization of the
absorbed power as a measure of SAR. Under the tacit
assumption that all the RF energy absorbed by a
biological target is converted to heat, the calorimetric
method measures the heat added to the target. The
approach is to irradiate an animal carcass with a
short exposure at high power to reduce heat loss
errors due to conduction and convection during the
exposure. The thermalized energy added to the
carcass is measured with the calorimeter. Calories
per unit time per unit mass are then converted to
W/kg, the SAR for the high incident power density.
The SAR for any other power density is then scaled

from this- measured value in direct proportion to the
ratio of power densities. Three calorimetric methods
that have been used in whole body dosimetry are
gradient-layer calorimetry (Gandhi et a/l. 1979),
Dewar-fiask calorimetry (Blackman and Black 1977),
and twin-well calorimetry (Hunt and Phillips 1972;
Kinn 1977). All three methods use a freshly kilied
animal carcass that has been briefly exposed to high-
power RF fields and thus raised to a higher tempera-
ture. It has been assumed that the dielectric
properties of the carcass do not differ significantly
from those of a living animal.

The gradient-layer calorimeter measures the rate at
which heat passes from the heated animal through
the walls of the calorimeter to the room air. it is
accurate, but it takes several hours to make the
measurement.

The Dewar-flask calorimeter method uses the
difference between the average temperature of the
animal carcass before and afterrapid heating withRF
radiation to determine the heating rate and thus the
dose rate. To determine the average temperature of
the animal carcass, it is placed (with a coupling fluid,
usually water) into a Dewar flask, and the equilibrium
temperature of the mixture is measured. From the
theory of mixtures and a knowledge of the average
specific heat capacity of the animal, the average
carcass temperature is determined. The average
temperature of the heated carcass is determined
similarly, and the SAR is computed. Although the
method is simple by design, a disadvantage is that a
long time is required to measure equilibrium
temperature. Furthermore, the average specific heat
capacity of the carcass must be known, and, because
the body’s composition is complex, this capacity
cannot be precisely determined.

The twin-well calorimeter method uses pairs of
carcasses of equal mass. One carcass of a pair is
heated with RF radiation; the heated and unheated
carcasses are each placed in a well of the
calorimeter, and the calorimeter is allowed to return
to equilibrium. The twin-well calorimeter measures
the increment of heat introduced by the exposure.
The SAR is then calculated from the measured
caloric increase, carcass mass, and exposure time.
This method does not require the specific heat
capacity of the carcass but requires 4 to 16 h to make
a measurement. A recent improvement of the
method (Kinn et a/. 1984) has reduced the measure-
ment time to 15 to 30 min and increased measure-
ment accuracy by control of the calorimeter with a
microprocessor system. This arrangement is the
same as the standard setup except that the
unexposed carcass is in contact with a heating
element (Figure 3-34). The microprocessor program
controls the rate at which heat is applied to the
unexposed carcass. Using the twin-well calorimeter
as a "thermal” balance, the program controls the
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heating rate so that equilibrium is established in as
short a time as possible. All of the power applied to
the heating element, and thus to the animal carcass,
is integrated and divided by the mass of the carcass to
determine the SAR. A 2-percent error due to heat lost
to the calorimeter walls has been measured using
electrically heated water bottles as animal substitutes.

3.4.2 Regional Dosimetry

Regional dosimetry is performed to determine either
the energy absorption rate or the field strength at a
specific location within an animal or tissue preparation.
The average field strength within the animal can be
measured directly or inferred from the SAR. Direct
measurement of field strength is made with an
impiantable probe containing one or more miniature
diodes mounted on a dielectric substrate and attached
with high-resistance leads to a voltage-reading device
(Bassen et al. 1977b). The voltage across the diodeis a
measure of the field strength at the diode, provided the
animal tissue material in which the probe is implanted
does not differ significantly in dieletric properties
from the material used in the calibration procedure
(Bassen 1977). The useful frequency range over

"which such field strength measurements can be
made is 100 to 12,000 MHz. The reduced sensitivity
at lower frequencies and the greatly reduced field
strength in biological targets at the higher frequencies
delineate the useful frequency range. indirect
measurement of internal field strength is derived
from the SAR value. The heating rate is proportional
to the square of the electric-field strength.

Measurement of regional SAR can also be accom-
plished by temperature probes or by thermographic
imaging. Temperature probes are small {(1-mm
diameter) and are designed to be implantedin the site
of interest without altering the EM field in that area
(Rozzell et al 1974; Bowman 1976; Christensen
1977. Wickersheim and Alves 1982). An animal or
preparation is briefly exposed to RF fields of high
intensity, and the temperature rise is measured. The
rate of temperature rise, together with the amount of
heat loss, is then used to compute the SAR at a
specific site in an absorber, such as a rat brain.

The technique described above is a special case of
heating and cooling curve analysis, i.e., estimating
the initial rate. when the rate of heating is much
higher than the rate of cooling. The analysis of the
complete heating and/or cooling curve is especially
useful in cases where the RF energy absorption is of
the same order of magnitude asthe cooling rate of the
animal or preparation. In this procedure, the
temperature is recorded continuously during
exposure and./or after exposure until a steady state or
equilibrium temperature is reached. Analysis of
either curve yields the cooling rate, which is directly
related to the SAR. The heating curve also contains
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the cooling rate that can be determined by the
appropriate analysis; therefore, the SAR can be
determined from either a heating or a cooling curve
(Allis et al. 1977).

Thermographic imaging also requires very high
power exposures. This method uses a thermographic
camera containing a mirror scanning system, a
liquid-nitrogen-cooled detector, and a data-collection
system usually interfaced to a minicomputer (Guy
1971; Guy et a/. 1968, 1977; Kantor and Cetas 1977).
The investigator prepares specimens by cutting a
frozen carcass into halves and supporting each half in
an RF-transparent medium such as urethane foam.
The surface of the cut plane is covered with either a
plastic film polyester “silk’’ screen material to hold

-each half of the specimen in its foam support. The

“silk”" screen material allows electrical contact
between the two halves when they are readjoined
during exposure. Unlike plastic film, which prevents
induced current from flowing across its surface, the
“silk’” screen material allows current flow, and the
model may be placed in a complex field of unknown
polarization. The assembled specimen is allowed to
equilibrate to room temperature (25°C). Thermo- .
graphic pictures are taken of the animal specimens at



the plane of the cut before and after exposure, and the
SAR is computed from the point-to-point temperature
change during exposure. The SAR values are then
used to produce a contour plot of iso-SAR lines or
averaged values over a specific area.

Scaled-down or full size physical models made with
materials having dielectric properties similar to those
of biological tissues are also used to determine the
SAR distribution in a biological specimen, such as
man and small animals. Animal models have been
used for the investigator's convenience. Scaled
models of man (Guy et a/. 1976; Gandhi et al. 1977)
have been used to simulate human exposures under
varying conditions. This procedure involves frequency
scaling, in which a combination of higher-frequency
radiation with a smaller-than-life-size model is used
to simulate the absorption characteristics of man
when exposed to lower-frequency radiation. The
technique also requires suitable scaling for the
dielectric parameters of the tissue-equivalent
materials used in the model. The validity of the
models used to date is open to some question,
because the physical “equivalent’” model is filled with
a homogeneous material whose complex dielectric
constant is the estimated average for the whole body;
a more realistic model would attempt to simulate the
inhomogeneous tissue structure of the body. The
dielectric material normally used in human modeling
is gelled water whose conductivity has been adjusted
with sodium or potassium chloride. The model is
made in two halves, and the thermographic method
described above for animal specimens is used.

3.4.3 Unresolved Issues

Refinements are lacking for models of the in-
homogeneous tissue structure of man and animals,
and the equivalency of these models to the actual
biological target has not been validated. In simulta-
neous exposure of multiple animals, to what extent do
animal movements create uncertainty in the SAR
estimates? How much target separatidn is required
before this uncertainty falls within acceptable limits?
As research into RF-induced biological effects grows
more sophisticated and as the sites for many of the
reported effects—particularly those associated with
the nervous system—become better isolated and
defined, there wiil be an ever increasing need for
localized dosimetry of greatly improved spatial
resolution. Finally, although it is well understood that
RF energy is converted to heat in a biological target,
the question remains: Are there transient ‘‘field-
specific” effects not explicable by a temperature
change?
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Section 4
Effect of RF-Radiation Exposure on Body Temperature

4.1 Thermal Physiology

Christopher J. Gordon
4.1.1 Temperature Regulation

Almost all animal species, including vertebrates and
invertebrates, are capable of sensing and responding
to changes in environmental temperature. The ability
to maintain a constant body temperature independent
of ambient temperature, termed homeothermy, is
restricted to humans and other mammals, as well as
most birds. Reptiles, amphibians, fish, and inverte-
brates generally have a body temperature similar to
ambient temperature, and are thus termed poikilo-
therms (i.e., having changeable temperature). Many
poikilotherms use behavioral mechanisms (e.g., seek
shade or sunlight) to regulate their body temperature
against fluctuations in ambient temperature.

Homeotherms employ an array of physiological
mechanisms to control body temperature. Thermal
stimulation of the skin or sites within the body,
especially the central nervous system (CNS), leads to
the activation of heat-dissipating or heat-producing/
conserving effectors such as evaporation, vasomotor
tone, metabolism, and behavior.

Since the absorption of RF radiation can lead to an
increase in tissue temperature, the bioeffects from
RF-radiation exposure at these thermal levels may be
a principal manifestation of a homeothermic
response to rising tissue temperature rather than a
direct RF-radiation effect (i.e., athermal effect) in a
biological system. Thus, it is important to have a
detailed assessment of the characteristics of
thermoregulation in animals and man. This section is
divided into two major parts. First, the structure and
physiology of the thermoregulatory system of
humans and commoniy used experimental mammals
are discussed in enough detail to aHow the reader to
interpret the second division of the section, the
specific effects of RF radiation on the activity of the
thermoregulatory system. The major conclusions of
this section are:

® Thermoregulatory effectors such as vasomotor
tone, metabolism, evaporative water loss, and
behavior are activated during exposure to RF
radiation.
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@ Many effectors are activated in the absence of any
measurable change in deep-body temperature
during RF-radiation exposure.

® The SAR required to increase activity of a
thermoregulatory effector or raise body tempera-
ture generally decreases with increasing body
mass of the exposed species.

® Thermoregulatory effectors employed by home-
otherms during RF-radiation exposure at levels
that produce heat stress are similar to the
response during exposure to high ambient
temperature.

4.1.1.1 Effect of Temperature on Biological
Systems

Below the point of protein denaturation at about42to
45°C, temperature has a direct effect on the rate of
biochemical reactions and thus affects the rate of
physiologic processes. The effect of temperature on
biological reactions is described by the Qicparameter,
a dimensionless number equal to the change in the
reaction rate for a 10°C change in temperature:

10/(T2-T
=Rz (T2-T4)
R,
or log Q10 =(10/T2 - T4} (log Rz - log Ry)

where R, = reaction rate at T,
Rz = reaction rate at T2
T = temperature, °C

Q

Thus, a Q.o of 2 means that the reaction rate doubles
with a 10°C increase in temperature, a Qo of 3
means a tripling of the rate, and so forth. For
biological reactions, the Qo generally ranges
between 2 and 3. In many biological systems the Q1o
is temperature dependent; thus, T, and T2 must be
specified in the calculation of Qqo.

The activity of poikilotherms is dictated by the
prevailing environmental temperature. At low
temperatures enzymatic activity is decreased,
causing reduced muscle activity, active transport, etc.
Hence, poikilotherms generally have a narrow range
of ambient temperature {~ 20 to 40°C) where normal
life functions can take piace. On the other hand, many
homeotherms, by maintaining a relatively constant
body temperature, can function normally at ambient



temperatures far below 20°C and occasionally above
40°C. Of course, to maintain a constant body
temperature at extremely high and low ambient
temperatures requires additional metabolic energy.
These metabolic demands can be attenuated through
activation of behavioral mechanisms (e.g., for
humans, by the addition or removal of clothing at low
and high temperatures, respectively).

4.1.1.2 Heat Balance

For body temperature to remain constant, heat loss
must equal heat gain. If heat gain exceeds heat loss,
body temperature increases, and if heat loss exceeds
heat gain, body temperature decreases.

Heat exchange between the body and the environ-
ment takes place by the principal mechanisms of
conduction (including convection), radiation, and
evaporation. Normally, each of these represents heat
loss from the body. However, if air temperature
exceeds the surface temperature of the body, there
is a net exchange of heat into the body by conduction.
Infrared radiation from external sources may aiso
result in a net transfer of heat from the environment
to the body.

The variables for heat loss can be incorporated into a
simple equation, patterned after the first law of
thermodynamics, which relates metabolic heat
production to wholie-body heat loss (Bligh and
Johnson 1973):

M=+K*C+xR*EXS

where M = metabolic heat production (always positive)
K =conductive heat transfer (+ for loss)

C =convective heat transfer (+ for loss)

R =radiative heat transfer (+ for loss)

E =evaporative heat transfer (+ for loss; gene-
rally always positive)

S =heat storage by body (+ for increase)

M may include heat produced in the body during
work, as well as heat produced by absorption of RF
radiation. Dimensions of each term in the heat
balance equation are usually normalized with respect
to heat transfer per unit surface area per unit time or
heat transfer per unit body mass per unit time (e.g.,
W/m? or W/kg, respectively).

The three avenues of heat exchange depend on a
number of external factors, the most important of
which is temperature. As ambient temperature (Ta.)
increases, heat loss by radiation, convection, and
conduction decreases, leaving evaporative heat loss
as the primary avenue for heat loss. When body
temperature is constant, S=0,and M=K +C+R +E.

4.1.1.3 Autonomic and Behavioral Mechanisms
of Temperature Regulation

The neural regulation of body temperature is depicted
in a simple scheme in Figure 4-1. Thermal receptors
located on the periphery and deep in the body
transduce temperature into nerve impulses which
are relayed to the anterior hypothalamus and preoptic
area (POAH), the primary site in the CNS for the
integration of temperature information. A relatively
high percentage of the POAH neurons are sensitive to
changes in temperature (e.g., POAH and/or skin
temperature). Activity from the peripheral and deep-

Figure 4-1. Simple neural model of thermoregulation in a mammal for predicting the motor responses to short-term (i.e., hourly)
changes in ambient and/or body temperature. Activation of the warm-sensitive pathway ieads to an increase in heat
dissipatory mechanisms, whereas activation of the cold-sensitive pathway leads to an increase in heat-generating/
retaining mechanisms. This information is taken from several models proposed by Hammel (1968) and Hensel (1973).
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body thermal receptors is integrated withinthe POAH
and other CNS sites. Electrophysiological studies
have shown that neurons in the POAH are approxi-
mately 10 times more sensitive to changes in POAH
temperature than to changes in T, (Reaves 1977).
Specific areas in the CNS generate appropriate
signals to drive thermoregulatory effectors that either
raise or lower heat loss or increase heat productionto
maintain core and skin temperatures at their
regulated (i.e., set point) levels.

There is a complex interaction of systems in the body
that are, in some part, responsible for the regulation
of body temperature. Werner {(1980) developed a
schematic of the major components of the thermore-
gulatory system that is useful in explaining, in
general terms, the physiological and behavioral
mechanisms of temperature regulation (Figure 4-2A).
The complex systems portrayed in Figure 4-2A can be
grouped into four principal parts: sensory system,
control system, effector system, and passive system
(Figure 4-2B). Simply stated, heat exchange between
the environment and the passive system causes
changes in temperature that are detected by the
sensory system and are then integrated in the
controller system for generating appropriate motor
signals to the effector system, which then counteracts
the influence of environmental heat exchange.
However, each system is relatively complex; Figure 4-
2A shows that the temperature regulatory system
operates through the utilization of a variety of
physiological systems to achieve a regulated body
temperature.

The sensory and control systems are very important
but are only briefly described here (see above),
because few studies on the bioeffects of RF radiation
have been directed toward these components of
thermoregulation. For review of sensory studies in
humans, see Sec. 5.6.5. The main thrust of work has
leaned toward effects on the effector and passive
systems; thus, the basic characteristics of effector
control and regulation of the passive system, body
and skin temperatures, will receive primary attention.

4.1.1.4 Metabolism

The effects of changing Ta. on tissue blood flow,
cardiac output, and evaporation impart additional
metabolic demands on a homeothermic species,
thereby increasing its basal metabolic rate (BMR).
Because measurement of BMR in experimental
animals is generally not feasible, resting metabolic
rate is a parameter commonly used to assess
thermoregulatory function of homeotherms.

The resting metabolic rate of a homeotherm normally
exhibits three major phases as a function of T, (cf.
Figures 4-6, 4-7, and 4-10). There is typically a range
of Ta's where metabolism is at a minimal, stable level
(close or equal to the BMR). This range of T4's is
identified as the thermoneutral zone (TNZ). Inthe TNZ

the body temperature of a homeotherm at rest can be
kept constant by controlling the amount of passive
heat loss through adjustments in thermal conduc-
tance. When T, increases above the TNZ, the rates of
metabolic heat production and evaporative heat loss
increase because excess body heat must be dissi-
pated actively rather than passively (e.g., sweating,

increase in ventilatory rate). Metabolism also in-
creases because of the Qo effect” of rising temper-
ature on metabolism (Sec. 4.1.1.1). The T. where
metabolism begins to increase with rising Ta is
defined as the upper critical temperature (UCT). As Ta -
decreases below the TNZ, metabolism increases as a

result of activation of thermogenic physiological

processes to maintain a constant body temperature

(e.g., shivering). The T, at the low end of the TNZ

where metabolism increases is defined as the lower

critical temperature {LCT).

ideally, at all Ta's equal to and below the LCT, a
homeotherm has reduced heat loss to the minimum
through vasoconstriction of blood vessels in the skin.
Therefore, whole-body thermal conductance, which
relates to the ease at which heat is lost from the body,
is as low as physically possible. As Taincreases above
the LCT, more blood is shunted to the peripheral
vessels, and whole-body thermal conductance
increases.

Minimal whole-body thermal conductance is rather
simple to calculate and has been reported for a
multitude of avian and mammalian species with a
body mass less than 10 kg {Aschoff 1981). In an
idealistic situation, decreasing Ta below the LCT is
associated with a linear increase in metabolic rate.
Under these conditions, metabolic rate can be
calculated with a linear equation derived from the
principles of Newton’'s law of cooling which relates
the heat loss of a warm object placed in a cold
environment (Kleiber 1972): :

MR =C(Tp - Ta)
where MR = metabolic rate, W/kg
C =whole-body thermal conductance,
W/kg/°C
Tv = body temperature, °C
Ta = ambient temperature, °C

Solving for C when T, is below the homeotherm’s
LCT,

c= MR
Tb‘Ta

This equation is commonly used in thermal
physiological studies of relatively small homeotherms.
Above the LCT, thermal conductance begins to
increase as the animal’s metabolic rate stabilizes and
Ta approaches body temperature. Above the UCT,
thermal conductance takes a sharp increase because
of the combined increase in metabolism, along with a
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Figure 4-2A. Current view of the principal systems employed in the regulation of body temperature (from Werner 1980).
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Figure 4-2B.

Overall reiationship of the sensory, controller, effector, and passive system components of the thermoregulatory

system. Note that the overall structure of Figure 4-2A is retained (modified from Werner 1980).

Receptors Controliers Effectors
‘ = l‘ntegration of Temperature e
Information in CNS
® Behavior,

Peripheral ® Vasomotor Tone,

and Deep-Body ® Metabolism,
N o Eeraie
old Sensors
Skin and Core Temperature

3

Environmental
Heat Flow

further reduction of the ambient-body-temperature
gradient.

There is an inverse correiation between minimal
thermal conductance and body mass (Figure 4-3). In
general, the thermal conductance of a 10,000-g
homeotherm is 10 times less than that of a 100-g
species (Scholander et a/. 1950). Simply stated, for a
given decrease in Ta to maintain a normal body
temperature a small homeotherm must elevate heat
production (W/kg) much higher compared to a larger
homeotherm. The relationship also implies that at a
given Ta the rate of passive heat loss (W/kg) increases
with decreasing body mass.

In studies on the thermal physiology of humans and
other primates, thermal conductance is often
calculated as follows:

k=MR-E
Tve h Tsk

where K =tissue thermat conductance, W/m2/°C
MR =metabolic rate, W/m?
E =respiratory evaporative heat ioss, W/m?
_T.=rectal temperature, °C
Ts« =mean skin temperature, °C

This value of conductance is commonly called tissue
thermal conductance. The numerator includes all
heat produced from metabolism minus the heat lost
through respiration. The lower the gradient between
rectal and mean skin temperature, the greater the
peripheral biood flow and the higher the value of
tissue thermal conductance. For example, total skin
blood flow in humans ranges from 150t0 200 ml/min
in a cool environment, to as high as 2000ml/minina
hot environment (Bullard 1971).

4.1.1.5 Cardiovascular and Vasomotor
Responses

The thermoregulatory system is a unique control
system in that it has no specific organ or tissue
devoted solely to thermoregulation. {(Sweat glands
may be an exception.) The cardiovascular system is a
primary example of a thermoregulatory effector
which is perhaps more critical to other bodily
functions (e.g., tissue perfusion). Heat transfer from
the deep body to the skin and thence to the
environment would be nil if it were not for the
enhanced convective transfer of heat via blood flow
by the cardiovascular system.

Blood flow to the skin is a crucial mechanism of
thermoregulation. In humans the rate of blood flow to
the fingers ranges from 0.5 to 1.0 ml/min/100 mi of
tissue during maximal vasoconstriction, to 80 to 90
mi/min/100 ml of tissue during maximal vasodilation
(Burton 1939). This tremendous adjustment in
peripheral blood flow allows for a five- or sixfold
change in tissue thermal conductance (Hardy et al.
1941). Blood flow from the deep body to the skin
allows for dissipation of internal heat loads accrued
during exercise. In hot environments, raising the skin
blood flow increases skin temperature, which
reduces the temperature gradient between the air
and skin and so lessens overall heat gain from the
environment. in extremely coid conditions, blood flow
to the skin prevents cold-induced tissue damage
(such as frostbite).

Decreasing T. below the thermoneutral zone (see
Sec. 4.1.1.6) also results in an elevation in heart rate
and cardiac output, which is a response to the need
for more oxygen in skeletal muscle and other tissues
that are metabolicaliy more active at lower T,'s. When
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Figure 4-3. Etfect of body mass on whole-body thermal conductance of various mammals (data modified from Aschoff 1981).

WETTT LTI T T T T T T TTTIT T T T T =
— ¢
— LOG, = LOG 0.18-0.52 LOG, -
g — .
3 — -
I _
g 0.1 b— .\ —
: E "\ =
3 — ]
F — -
g L ]
— —

0.01 L | L L Lty Lo L L

0.01 0.1 1.0 10 100

Body Mass, kg

Ta increases above the thermoneutral zone the
increase in metabolism, along with the shunting of
more blood to the skin, increases the requirement for
a greater cardiac output.

The rat is often used in a variety of thermophysiologi-
cal studies. The tail of the rat is the principal site for
the control of nonevaporative heat exchange. At Ta's
between 27 to 30°C there is an abrupt increase in
tail blood flow (Figure 4-4A). Below these Ta's blood
flow to the tail is minimal. For comparison, the blood
flow versus skin temperature in the hand, foot, and
forearm of a human is shown in Figure 4-4B. The
overall response pattern is similar for the two species,
but the flow rates differ substantially, with the rat
having a much higher rate of blood flow at given
temperatures above 27°C.

4.1.1.6 Evaporation

Evaporation of water from the skin and respiratory
tract is a major avenue of heat loss in homeotherms at
high Ta’s. Approximately 2426 joules (580 calories) of
heat are lost from the body in the evaporation of 1 g of
water. Insensible water loss, the water lost by
diffusion through the skin and expired during
ventilation but excluding sweating. occurs at all
times, provided the relative humidity is below 100
percent. In the rat, a nonpanting and nonsweating
homeotherm, up to 50 percent of evaporative water
loss occurs through insensible water loss through the
skin {Tennent 1946).

46

Typically, as T, increases above the upper critical
temperature (approximately 30 to 32°C for many
species), homeotherms undergo an active increase in
evaporative heat loss (EHL). Below this T, EHL is
relatively stable and amounts toroughly 25 percent of
the total heat loss. As Ta increases the temperature
gradient between the skin and air decreases, which
reduces the rate of the heat loss by conductance,
convection, and radiation. Thus, EHL is a crucial
avenue of heat dissipation in homeotherms at
relatively high Ta's above the thermoneutral zone.

The major avenues of active evaporative water loss
are sweating and panting. Humans and many other
primates sweat to dissipate heat by evaporation (Sec.
4.1.1.9). The dog, cat, and rabbit have few sweat
glands and dissipate heat evaporatively by panting.
Rodents neither pant nor sweat when heat stressed
but increase their ventilatory rate, and subsequently,
increase pulmocutaneous water loss. Rodents aiso
apply saliva to their fur to enhance evaporative heat
loss. Denervating saliva glands in rats reduces their
tolerance to heat exposure (Stricker and Hainsworth
197).

4.1.1.7 Thermoregulatory Behavior

Heretofore, the principal autonomic thermoregulatory
responses, metabolism (heat generation), blood flow,
and evaporation, have been discussed. Thermoregul-
atory behavior is another important effector which
animals and humans use to regulate the body



Figure 4-4.

Blood flow vs. skin temperature. {A) Tail blood flow vs. tail skin temperature in three different rats. Notice the abrupt

rise in blood flow at temperatures of 27 to 30°C (data from Rand et a/. 1965). (B) Blood fiow in a human hand, foot, and
forearm vs. temperature of the water in which the limb is immersed (skin temperature equals water temperature) (data

from Thauer 1963).
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temperature in response to changes in T.. Changes in
behavior require less metabolic energy compared to
changes in activity of autonomic effectors; thus,
behavioral responses normally take precedence over
autonomic responses (Adair 1976; Gordon 1983a). For
example, when placed in a temperature gradient
{Ogilvie and Stinson 1966) adult mice will select a
temperature of approximately 31°C (Figure 4-5). This
is a thermoneutral T, where the animals maintain
‘normal body temperature without increasing
metabolic rate or evaporative heat loss. Very young
mice select notably warmer temperatures in a
gradient because their metabolic capacity is not fully
developed compared to the adult. A wide variety of
species can be trained to bar-press for heat or cold
reinforcements and thereby select a comfortable T,
(Satinoff and Hendersen 1977).

All organisms display subtle thermoregulatory
behaviors in the absence of complex experimental
apparatus. For example, in the cold, groups of rodents
huddle together to minimize heat loss. Mice build
dense, thick nests in the cold and thin-walled nests in

the heat. Solitary animals adjust their posture to
control heat loss. For example, in a very hot
environment the rabbit extends its limbs in a
sprawled position to maximize the surface-area-to-
volume ratio, whereas in a cold environment it
withdraws its limbs under the body and assumes a
ball shape to minimize the rate of passive heat loss.
Humans vary clothing in accordance with Ta.

4.1.1.8 Autonomic Thermoregulatory Responses
vs. Ambient Temperature

Because the absorption of RF radiation may activate

- thermoregulatory mechanisms similar to those that

occur during an increase in T,, it is of importance to
show in this section the effect of T, on the activity of
autonomic effectors. In Figures 4-6 and 4-7 therectal
temperature, evaporative heat loss, tissue thermal
conductance, and metabolic rate are plotted as
functions of T. for the dog and rhesus monkey. (For
data on humans, see Sec. 4.1.1.9). These thermo-
regulatory profiles were selected from the literature
because they demonstrate not only basic thermo-
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Figure 4-5.

Effect of age on the preferred ambient temperature
of mice (data from Ogiivie and Stinson 19686).
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rate (M), and rectal temperature (T.) of dogs
acclimatized to summer and winter (data from
Sugano 1981.
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Figure 4-7. Effect of T, on evaporation (E.). conductance (K}
metabolic rate {M), and rectal temperature (T,) of
the rhesus monkey under unanesthetized and
ketamine-anesthetized conditions (data from
Hunter et a/. 1981).
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regulatory effector activity as a function of T,, but also
the effect of anesthesia and seasonal acciimatization
on thermal responsiveness.

in the dog (Figure 4-6), seasonal acclimatization hasa
tremendous effect on the thermoregulatory profile
(Sugano 1981). For example, summer-acclimatized
dogs (mean T,=25.3°C) have a UCT of 29°C, whereas
winter-acclimatized dogs (mean T, = 3.1°C) have a
UCT of 22°C. At warm T,'s the winter-acclimatized
dogs have a higher rate of metabolism and
evaporation. These differences in thermoregulatory
profiles in the dog may prove to be helpfu! in
understanding the metabolic and evaporative .
response of other mammals to RF-radiation exposure.



The effect of ketamine anesthesia on the thermoreg-
ulatory response in rhesus monkeys is shown in
Figure 4-7. These data are presented because many
RF-bioceffects studies are done with anesthetized
animals. The anesthetized monkeys have a reduced
thermal conductance and depression in heat loss at
the high T. (38°C), which contributes to an elevated
rectal temperature compared with unanesthetized
animals. Note the linear relation between Taand Tre in
the anesthetized monkey. This and other studies on
the effects of anesthesia on thermoregulation
indicate a general depression in the ability of the
animal to defend its body temperature against heat
stress or cold stress. Anesthetized animals exposed
to RF radiation are likely to also be more susceptible to
RF heating depending on the prevailing Ta(Sec. 4.1.3).

4.1.1.9 Thermal Physiology of Humans

In view of the paucity of studies on human physiology
during RF-radiation exposure, this section deals
primarily with the responses of laboratory mammals.
One must be cautious inrelating measured biological
effects in experimental mammals to man because the
thermal physiology of humans and other mammals
differs substantially in certain aspects.

The human body has an inner core with a temperature
of approximately 37°C and an outer shell with a
variable temperature (Figure 4-8). The normal
strategy of the human thermoregulatory system is to
have a well-controlled inner-core temperature at the
expense of a fluctuating shell temperature. Circadian
rhythms cause core temperature to oscillate daily
with an overall amplitude of approximately + 1°C
(Hardy and Bard 1974).

Generally, about two-thirds of the body mass is
assumed to be at the core temperature and one-third
is at the skin temperature. This assumption may be in
error because of shifts in the relative size of the core
and peripheral shell. The average body temperature
(Tv) can be calculated as:

To=0.33Tek + 0.67 Tre

where Ts« is the average skin temperature collected
over a variety of sites on the surface of the body, and
Tre is rectal temperature.

The average body temperature is a useful variable
because it allows one to calculate the rate of heat
storage (S) in watts:

s=¢ (Tm - -sz) m
t

where T,y and Tuz=initial and final average-body
temperatures, respectively, during
the specified time (t, seconds)
c=specific heat of the body tissues
{~3.48 kJ/kg/°C)
m =mass (kg)

Figure 4-8. Temperature distributions in the human body at
T.'sof 20 and 35°C (data from Aschoff and Wever
1968).

The calcutation of rate of heat storage from average
body temperature is useful because the dimensions
for the rate of heat storage are the same as that used
in RF-radiation dosimetry (W or W/kg). For example,
humans placed in a very hot environment (T, = 55°C,
vapor pressure = 15 torr) for 2 h undergo a more than
1°Criseinrectal temperature and an increase in heat
storage from 2.1 to 6.5 kJ/kg, or a heat storage rate of
0.6 W/kg. At a slightly cooler but more humid
environment (T« =48°C, vapor pressure = 34 torr) the
change in heat storage over 80 min was 2.0 to 6.5
kJ/kg, or a heat storage rate of 0.94 W/kg. These
heat storage rates were associated with large
increases in plasma cortisol and the feeling of
discomfort {(Follenius et a/. 1982).

A major difference between humans and most
experimental mammals is the ability to secrete sweat
on the skin. Under resting, thermoneutral conditions
there is a certain amount of insensible EWL through
the skin, which accounts for about 8 W of heat.
Approximately 25 percent of the total metabolic heat
at rest is lost through evaporation. Raising T. causes
a tremendous increase in the amount of heat lost by
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evaporation. The partitioning of heat loss at various
Ta's in humans is listed in Table 4-1.

Sweating in man and certain other homeotherms may
be evoked by heating the skin or thermally sensitive
sites in the nervous system (Figures 4-9A.,B). It is
interesting to compare the reiatively high threshold of
sweating at low vs. high skin temperatures (Figure 4-
98). This comparison may be relevant to some deep

Figure 4-9. Effect of skin temperature on sweating: (A) Effect
of increasing skin temperature on sweaating from
the forearms of a human (data from Elizondo
1973). (B) effect of skin temperature on the
threshold internal cranial temperature for activa-
tion of sweating in humans (data from Benzinger
1969).
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Table 4-1. Partitioning of Heat Loss in Humans as a Function
of Ambient Temperature under Still Air Conditions

Ambient

Temperature Radiation, IR Convection Evaporation

(°C) {%) (%) (%)

25 67 10 23

30 41 33 26

35 4 6 90

Data derived from Hardy et a/. (1941) and compiled by Folk {1974)

penetrating frequencies of RF radiation that heat
predominantly the inner tissues and organs without
first substantially warming the skin. Such responses
may affect the organism’s ability to respond to RF
heating.

The effect of Ta on the steady-state rate of heat
production, heat loss, evaporative water loss, thermal
conductance, and rectal and skin temperature of
nude adult men and women is shown in Figure 4-10.
Sweating is activated at Ta's of 30 to 32°C. For both
sexes, thermal conductance increases ata T, of 28°C,
which is indicative of an increase in skin blood flow.
The thermoneutral zone is quite narrow: the upper
and lower critical temperatures are approximately 32
and 30°C, respectively. At warm T,'s women have a

Effect of calorimeter temperature (x-axis) on rectal
and skin temperature, heat loss, heat production,
evaporation, and thermal conductance in men
and women (data from Hardy et a/. 1941).

Figure 4-10.
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steeper thermal conductance response, which
perhaps indicates increased ability to shunt blood to
the skin compared to males.

It is important to understand the thermoregulatory
responses of humans during exercise and fever, since
these represent two cases where internal temperature
can increase without rising ambient or skin
temperature and, in this respect, may appear similar
to that of RF heating at certain frequencies. However,
as will be demonstrated, thermoregulation during
exercise and fever may differ substantially from
thermoregulation during RF exposure.

Humans are well adapted to dissipate excess heat
loads accrued from exercise. Examples of thermoreg-
ulatory responses during two levels of exercise on a
bicycle ergometer are shown in Figure 4-11. A work
load of 40 W causes an increase in metabolism from
1.5 to 4.2 W/kg and a concomitant 0.34°C rise in
tympanic temperature. The temperature of the
tympanic membrane in the ear is considered to be a
good indicator of the internal temperature of the
head. A 90-W work load increased metabolism to 7.0
W/kg and raised tympanic temperature by 0.96°C.

The rise in metabolism from pedaling the ergometer
and the heat load normalized to time and mass from
RF-radiation exposure have the same dimension
(W/kg), albeit the two forms of heat loading may not
always evoke the same physiologic effects. However,
measuring the rise in body temperature, evaporation,
and other physiological parameters during an
exercise-induced heat load may aid our understanding

Figure 4-11. Effect of exercise on heat loss, metabolic rate,
and tympanic temperature of humans (data from
Chappuis et al. 1976).
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of the human response to RF radiation. It is clear from
the data in Figure 4-11 that healthy humans can
tolerate exercise-induced metabolic heat loads of 7.0
W/kg without significantly stressing the thermoreg-
ulatory system. However, it remains to be shown
whether humans can tolerate RF-induced heat loads
of the same magnitude under simifar ambient
conditions.

Fever can be distinguished from forced hyperthermia
in that the former represents a regulated increase in
body temperature whereas forced hyperthermia can
be defined as an increased thermal load on the
organism (Stitt 1979; Gordon 1983d). The process of
pyrogenesis can be described in three major steps, as
shown in Figure 4-12: (i} a hypothermic state where
the reference or set-point temperature (in the POAH)
has been raised above body temperature as a result of
the introduction of a pyrogenic agent, so that the
animal generates and conserves heat to raise body
temperature to the new reference temperature; (ii) a
febrile state where body temperature is regulated at
the new reference temperature; and (iii) a hyper-
thermic state where the influence of the pyrogen is
removed, so that body temperature is now higher
than the reference temperature and heat-dissipating
mechanisms are employed to reduce body tempera-
ture to the original normothermic level (Bligh 1973).

The thermoregulatory state of a homeotherm
exposed to RF radiation is similar to the hyperthermic
stage of fever only when body temperature is above
the normal set-point temperature of 37°C. Otherwise,
the thermoregulatory responses of fever and RF-
radiation exposure are radically different. Fever
entails a regulated change in body temperature,
whereas during RF-radiation exposure the organism
activates heat-dissipating effectors in an attempt to
maintain normal body temperature.

4.1.1.10 Mechanisms of Heat Gain During RF-
Radiation Exposure '

The coupling of RF energy into irradiated biological
subjects exposed to RF radiation was discussed in
detail in Sec. 3.2, RF-Field Interactions with
Biological Systems. To introduce the following
material, some of the important features of that
discussion are reiterated and summarized here.

The penetration of RF energy into biological tissues is
dependent on the wavelength of the incident energy.

- Longer wavelengths can penetrate deeply into living

tissues, but the shorter wavelengths found in the
microwave region of the spectrum cannot penetrate
deeply. For example, at 2450 MHz (wavelength of
12.5 cm) the RF energy is largely absorbed within
approximately the first 2 to 3 cm of muscle tissue,
assuming that the RF radiation is incident on an
object that is large in comparison to this wavelength
(such as a human). Similarly, RF energy of still higher
frequencies (i.e., in the millimeter wave region of the
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Figure 4-12. Relationship between body temperature (T,) and set point {T..) during pyrogenesis; (A) before the onset of fever; (B)

during the rising phase of the fever; {C) during a maintained fever (heat loss and heat gain are balanced); (D) during the
subsiding phase, and (E) after the return to normal body temperature (data from Bligh 1973).
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RF spectrum) does not penetrate more than 1to 2 mm
and will be absorbed primarily in the skin.

This difference in penetration poses a major problem
for comparing the effects of RF radiation of various
wavelengths on thermoregulatory function in various
species. For example, when a 20-g mouse or a 70-kg
man is exposed to RF radiation of millimeter-size
wavelengths or to infrared (IR) radiation, the energy is
deposited in the first 1 to 2 mm of the skin in a
basically similar fashion. However, at 2450 MHz a
mouse is comparable in size to the wavelength so that
a resonant absorption condition exists and results in
efficient energy coupling with deep penetration and
nonuniform internal energy deposition. On the other
hand, when a human is exposed to the same 2450-
MHz radiation, the energy will be deposited
peripherally within a few centimeters of the body’'s
surface in the area facing the radiation source.

Notwithstanding these problems, some attempts
have been made to compare thermoregulation in
different species when subjected to RF radiation of
the same frequency. For example, de Lorge (1979)
compared the power density at 2450 MHz that
induced a 1°C elevation in the rectal temperature of
rats, squirrel monkeys, and rhesus monkeys. Using a
semi-log plot of power density vs. body mass (Figure
4-13), de Lorge extrapolated the data on rats and
sub-human primates to a 70-kg man. He predicted that
a value of 92 mW/cm? is needed to raise the rectal
temperature of man by 1°C at 2450 MHz. This
comparison is probably acceptable because, for the
four species considered, a supraresonant kind of RF
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interaction takes place at this frequency (Sec. 3.2).
The coupling of RF energy into the animal is less than
optimal (i.e., the coupling is of intermediate
efficiency), and most of the energy is peripherally
deposited, although less so for the rat than for the
man. lf the same interspecies comparison were to be
performed under conditions in which the RF-
radiation coupling is optimal (i.e., the resonant
absorption case), then the results would probably be
very different (i.e., the power density values needed
for a 1°C elevation in rectal temperature may well be
significantly reduced). Tell and Harlen (1979) have

Figure 4-13. Power densities at 2450 MHz necessary to raise
the rectal temperature by 1°C in 60 min for the
rat, squirrel monkey, and rhesus monkey (de
Lorge 1979). T, ranged from 22.5 to 24°C.
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indicated that if a human were exposed to 2450 MHz
at a power density of approximately 90 mW/cm?,
irreversible local peripheral tissue damage may occur
without an appreciable rise in body temperature.

When there are supraresonant-type interactions, the
absorption coefficient is roughly constant and is
~ 0.5. Under these conditions, the RF-energy absorption
depends only on the geometric cross-sectional area
of the exposed animal. Assuming a spherical shape of
radius r for the animal, it can be shown that the cross-
sectional area-to-volume ratio is proportional to r??
{Sec. 4.1.4.1). This means that the area-to-volume
ratio, as well as the area-to-mass ratio, decreases as
animal size increases. Consequently, at a given
power density, the absorbed energy per unit of body
mass (i.e., whole-body-averaged specific absorption
rate, SAR) decreases with increasing size. This
general rule of thumb is valid only for interaction
conditions of the supraresonant type and for
resonant- and subresonant-type conditions.

4.1.2. Effect of RF-Radiation on
Thermophysiological Effectors

4.1.2.1 Vasomotor Control

Interest during the early 1940's in using short-wave
diathermy (13 to 43 MHz) as a therapeutic agent
prompted research into the effect of RF radiation in
producing localized changes in peripheral blood flow.
Near-field diathermic application with capacitance
plates (SAR not determined) was shown to produce a
more than twofold increase in blood flow of an
exposed limb of a dog (Wakim et a/. 1948) and of a
human (Abramson et al/. 1957). Using the '33Xe
clearance technique, McNiven and Wyner (1976)
found that localized exposure to 2450 MHz caused
nearly a fourfold increase in biood flow of the vastus
lateralis muscle (femoral) in humans. Using local
diathermy application to the human thigh (915 MHz)
Lehmann et a/ (1978) found that at a muscle
temperature of 43 to 45°C, blood flow to the muscle
increased, which caused a reduction in muscle
temperature. Although it was not possible to
determine the SAR, these studies are important
because they contain some of the few data
concerning RF effects on blood flow in humans.

RF-radiation-induced increases in peripheral blood
flow can be attributed to a direct effect of heat on the
caliber of arterioles, or to an indirect, neurally
induced vasodilation via the activation of peripheral
and deep-body thermal receptors (Sec. 4.1.1.5). The
increase in femoral blood flow during RF-radiation
exposure (2450 MHz and 27.3 MHz) is similar in dogs
with intact and denervated limbs (Siems et a/. 1948).
Hence, RF radiation can directly affect peripheral
vascular resistance; however, the fact that this
response occurs in the denervated limbs does not
preclude a neural response to RF radiation under
normal circumstances.

Gordon (1983b) recorded the tail skin temperature of
mice exposed to 2450 MHz in a waveguide. As inrats,
the tail of the mouse is a principal site of
nonevaporative heat exchange (Sec. 4.1.1.5). Heat
loss from the tail is proportional to the difference
between tail skin temperature and T.. At a T, of 25°C
an SAR of 11.56 W/kg was sufficient to promote
vasodilation in the tail. It was shown that the
vasodilation response was sensitive to the rate of
heating (i.e., SAR). The integrated vasomotor
response (°C - s) was normalized to the absorbed heat
load (J/g) to yield a skin temperature index (°C * s -
g/J). A doubling of the SAR leads to more than a
twofold increase in the skin temperature index
(Figure 4-14). These data indicate that the mouse
responds not only to the total amount of energy (heat)
absorbed from RF radiation but also the rate at which
the energy is absorbed.

Phillips et al. (1975b) measured tail skin temperature
in the restrained rat immediately after exposure for
30 min to 2450 MHz at SARs of 0, 4.5, 6.5,and 11.1
W/kg. At a T, of 24°C an SAR of 4.5 W/kg resulted in
a 1.5°C increase in tail skin temperature. This was
associated with a 0.5°C increase in colonic
temperature. Higher SARs caused larger increases in
colonic temperature with minor additional increments
in skin temperature.

Adair and Adams (1980a) found that RF-radiation
exposure in the squirrel monkey at 2450 MHz and 8 to
10 mW/cm? (SAR = 1.6 W/kg) at a T, of 26°C
promoted vasodilation in the tail without any change
in rectal temperature. Furthermore, it was shown
that an equivalent power density from an infrared
heat source, which has a much shorter wavelength
and is absorbed on the skin surface, was ineffective in
promoting vasodilation.

Exposing the squirrel monkey to RF radiation
promotes vasomotor responses similar to direct
heating of the preoptic area/anterior hypothalamus,
an extremely thermally sensitive area of the
brainstem considered to be an integrative center for
the control of body temperature (Sec. 4.1.1.3). The
conclusion was that RF-induced vasodilation was
caused by the activation of warmth-sensitive neural
sites in and/or outside the CNS, which in turn affect
the central neural control of heat-dissipating motor
outputs, including the dilation of the peripheral
vasculature (Adair and Adams 1980a).

4.1.2.2 Evaporative Heat Loss

Gordon (1982a) measured whole-body evaporative
water loss (EWL) in mice exposed in a waveguide to
2450 MHz over a 90-min exposure period at a T, of
20°C (Figure 4-15A). EWL remained stable up to an
SAR of 29 W/kg. Above 29 W/kg EWL increased
abruptly. In the same animal EWL was measured ata
Ta of 20, 25, 30, 33, and 35°C (Figure 4-15B).
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Figure 4-14. Examples of changes in tail skin temperature (AT..) in restrained mice exposed to 2450 MHz at 25°C and specific
absorption rate (SAR) of 10.6 W/kg (A) and 20.0 W/kg (B). Note that the absorbed heat load (J/g) is similar in both

cases (data from Gordon 1983b).
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Between 20 and 30°C EWL remained at the same
level as observed at SARs of O to 29 W/kg. EWL
increased significantly at Ta's of 33 and 35°C. The
mouse increased EWL at an SAR of 29 W/kg andata
Ta of 20°C and at Ta's of 30 to 33°C at an SAR of 0
W/kg. These data allow one to relate the effects of RF
exposure and T, on the activation of a thermoregula-
tory effector (EWL). Heat-stressed rodents can
actively increase EWL by raising their ventilatory
frequency (e.g., Hart 1971) and by applying saliva to
the fur (Stricker and Hainsworth 1971). These two
mechanisms are no doubt responsible for the rise in
EWL which occurred in mice exposed to SARs above
29 W/kg or above a T, of 30°C.

Michaelson et al. (1961) demonstrated the importance
of evaporative cooling in the thermoregulatory
response of dogs to high-intensity RF exposure (100
or 165 mW/cm? at 2790 MHz). During exposure dogs
will pant to increase EWL. If the animal is dehydrated
its rectal temperture reaches a critical level much
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faster than in hydrated dogs. With exposures lasting 4
h (165 mW/cm?, SAR unknown) the dogs lose body
mass while hematocrit increases, which indicates a
depletion of body water.

The rate of heating, or SAR, is also a critical factor
in the control of EWL. Gordon (1982c) exposed mice
to 2450-MHz radiation in a waveguide for brief
periods of time while continuously monitoring EWL at
a Ta of 30°C. EWL was converted to evaporative heat
loss (EHL) by assuming that 1.0 g of evaporated water

“~was equal to a heat loss of 2426 joules. After an

episode of exposing the mice, total EHL normalized to
body mass in dimensions of J/g was calculated. The
total heat load absorbed from RF exposure was
calculated by integrating SAR over time, which yields
the dimension of J/g. The open-loop gain (OLG) of
EHL was calculated by dividing the integrated EHL
response by the RF heat load. The OLGen., a
dimensionless number, describes the sensitivity of
the control of evaporative water loss (Gordon 1982b).



Figure 4-15. Evaporative water loss (EWL) of mice exposed to
24650 MHz for 90 min: {A) Relationship between
EWL and SAR of mice exposed ata T,o0f 20°C; (B)
effect of T, on EWL of mice (data from Gordon

1982a).
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At a T, of 30°C the OLGewe increased nearly three-
fold by doubling SAR. Thus, the mice responded not
only to the absorbed heat load but also to the rate the
heat load was absorbed. This finding is important
because it indicates that biological sensitivity can be
defined not only in terms of a dose per se(i.e., J/g) but
also in terms of the dose rate (i.e., J/{(g-s)). A similar
pattern was observed when skin temperature of mice
was measured during 2450-MHz exposure (Sec.
4.1.2.1).

Using the same methods as described above, Gordon
and White (1982) exposed mice to whole-body heat
loads of 12 to 13 J/g by exposure to 2450 MHz at
SARs of 19, 68, or 194 W/kg while recording the
OLGenL. The OLGen. at a Ta of 32.5°C displayed a
saturation at an SAR of approximately 160 W /kg. The
large change in OLGen. over an order of magnitude
change in SAR demonstrated a high degree of rate
sensitivity at a low range of SARs.

Adair (1981) measured the rate of sweating from the
foot of squirrel monkeys exposed to 2450 MHz ata T,

of 33°C (just below the monkey's upper critical
temperature). Sweating was activated consistently
with 10-min exposures at power densities of 6 to 8
mW/cm? (SAR ~ 1.1 W/kg) (Figure 4-16). Lowering
Taled to an increase in the threshold SAR for activating
sweating and a decrease in the sensitivity of sweating
(i.e, A sweating/A power density).

4.1.2.3 Metabolism

When a homeotherm is exposed to a T, below its lower
critical temperature it must increase metabolism
above the basal level to maintain a normal deep-body
temperature (Sec. 4.1.1.4). If a homeotherm is
exposed to RF radiation at a Tabelow its thermoneutral
zone one would expect a decrease in metabolic rate
as the animal substitutes RF heat for metabolic heat.
On the other hand, RF exposure at a Ta above the
upper critical temperature of the thermoneutral zone
should lead to an increase in metabolic rate as the RF
radiation causes additional heat stress to the animal.

Ho and Edwards (1977b) exposed mice to 2450 MHz
at a T. of 24°C in a waveguide while recording
metabolic rate by indirect calorimetry {(i.e., oxygen
consumption). They found a decrease in metabolic

Figure 4-16. Change in the rate of sweating from the footof a
squirrel monkey exposed for 10 min to 2450
MHz. The parameter is ambient temperature.
Data are from Adair (1981).
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rate when SAR for a 30-min exposure exceeded 10to
23 W/kg. In another study (Ho and Edwards 1979)
mice were exposed to 2450 MHz at T,'s of 20, 24, 30,
and 35°C. Exposure at SARs greater than 10 W /kg at
Ta's of 20 and 24°C caused depressions in metabolic
rate. However, the decrease in metabolic rate never
reached the level of the sham irradiated group
maintained at a Ta of 30°C (i.e., thermoneutral
temperature for the mouse). At a T,of 35°C metabolic '
rate increased during microwave exposure.

Phillips et al. (1975b) measured oxygen consumption
and carbon dioxide production in rats immediately
after being exposed to 2450 MHz for 30 min at SARs
of O to 11.1 W/kg at a T. of 24°C. Oxygen
consumption was not affected atan SAR of 4.5 W/kg.
At SARs of 6.5 and 11.1 W/kg oxygen consumption
decreased and did not recover for at least 300 min
following microwave exposure (Figure 4-17). Carbon
dioxide production followed a pattern similar to that of
oxygen consumption.

Adair and Adams (1982a) recorded metabolic rate at
Ta's of 15, 20, or 25°C in restrained squirrel monkeys
exposed to 2450 MHz in an anechoic chamber.
Reductions in metabolic rate were achieved with 10-
min exposures at power densities of 4 to 6 mW/cm?
(SAR =0.6 t0 0.9 W/kg). In a 10-min exposure period
the metabolic response was vigorous with a nearly

2.5-W/kg decrease in metabolic rate for a 1.0-W/kg

increase in SAR. However, with prolonged exposure
(90 min) metabolic rate adapted to a level where there
was an approximate 1:1 substitiution of microwave
energy for metabolic energy.

To summarize briefly, the metabolic rate of three
species has been measured at a T, below the

Figure 4-17. Oxygen consumption and carbon dioxide produc-
tion of rats immediately after a 30-min exposure
to 2450 MHz ata T, of 24°C (data from Phillips et
al. 1976b).
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thermoneutral zone during exposure to 2450 MHz.
For the 0.032-kg mouse at a T, of 24°C, metabolic
rate is reduced reliably when SAR exceeds 10to 12
W/kg; for the 0.43-kg rat at a T, of 24°C, metabolic
rateis reduced atan SAR of 6.1 W/kg; and for the 1.0-
kg squirrel monkey at a Ta of 20°C, metabolic rate is
reduced at an SAR of 0.9 W/kg.

4.1 .2.4'Thermoregulatory Behavior

Artificially raising the temperature of the hypothalamus
(Cabanac and Dib 1983; Gale et a/. 1970), spinal cord
{Carlisle and Ingram 1973), and rectum (Adair 1971)
will activate behavioral thermoregulatory responses
leading to a reduction in the preferred T, These
changes in behavior can be initiated before there is a
change in skin temperature. Hence, it is not surprising
to find that deeply penetrating RF radiation can
similarly affect behavioral thermoregulation as does
local, artificial warming of thermosensitive areas
described above.

Gordon (1983c) measured thermoregulatory behavior
of unrestrained CBA/J mice in a combined wave-
guide-temperature gradient system during exposure to
2450 MHz. Without microwave exposure, the mice
selected a preferred ambient temperature (PTA) of
31.5°C. The mice did not select a lower PTA untii SAR
exceeded 5.3 W /kg. After a 1-h exposure at 18 W/kg,
the mice selected a PTA that was 9.5°C cooler than
during the sham treatment. Then, 30 min after the
termination of RF exposure, the mice returned to the
warm end (~ 30°C) of the temperature gradient.

Using a waveguide-temperature gradient system
similar to that described above, Gordon (1983a)
measured PTA and ventilatory frequency of BALB/c
mice during exposure for 60 min to 2450 MHz. The
mice did not select a cooler PTA until SAR exceeded
7.0 W/kg. At an SAR of 25 W /kg the mice selected
the coolest part of the temperature gradient (19°C).
There were slight increases in ventilatory frequency
at 20.5 W/kg when the mice couldbehaviorally select
a cooler PTA. However, if the mice were forced (while
unrestrained) to remain at their normal PTA of 31°C,
ventilatory frequency increased significantly at SARs
of 9.6 W/kg and above (Figure 4-18). Thus, mice will
preferentially activate a behavioral thermoregulatory
response {selecting a cool PTA) rather than activate
an autonomic effector (ventilatory frequency) during
RF exposure.

Stern et al.- (1979) trained rats to bar press for
infrared heat in the cold and then exposed them to
2450-MHz RF radiation for 15-min periods. They
found a decrease in the rate of bar pressing at a power
density of 5 mW/cm2 (SAR == 1.0 W/kg) compared to
bar-pressing activity at 0 mW/cm2. This power
density, as well as exposure to 10 and 20 mW/cm?,
did not produce any increase in rectal temperture
under similar environmental conditions (T, =5°C, fur
of rat clipped from body). Thus, behaviorai thermoreg-



Ventilatory frequency and preferred T, of mice
during exposure to 2450 MHz inside a waveguide-
temperature gradient system. Responses without
temperature gradient were measured in mice
exposed to RF radiation at their preferred T, of
31°C. Data are from Gordon (1983a).

Figure 4-18.
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ulation was offset by RF-radiation exposure in the
absence of a change in rectal temperature.

Adair and Adams (1980Db) trained squirrel monkeys to
control their To while being exposed for 10 min-
periods to 2450 MHz in an anechoic chamber.
Without microwave exposure the monkeys selected
a Ta of approximately 35 to 36°C. Power densities
below 6 to 8 mMW/cm?2(SAR ~ 1.1 W/kg) had no effect
on the controlled T,. Increasing power density above
6 to 8 MW/cm? led to a decrease in the controlled T,
(Figure 4-19). For example, at an exposure level of 22
mW/cm? (SAR ~ 3.2 W/kg), preferred T. was
reduced by 5°C while rectal temperature remained
constant. Exposure to infrared radiation at the same
power densities as RF exposure elicited no change in
thermoregulatory behavior.

Using a similar experimental apparatus, Adair and
Adams (1982b) exposed squirrel. monkeys to 2450
MHz for 5 to 150 min while observing changes in
thermoregulatory behavior. Exposure to 4 mW/cm?
{SAR ~ 0.6 W/kg) had no effect on controlied T, no
matter how long the exposure lasted. Exposure to 10
and 20 mW/cm? (SAR ~ 1.5 and 3.0 W/kg) resulted
in a lowering of the controlled Ta by 1.5 and 3.0°C,
respectively. With few exceptions, the duration of RF-
radiation exposure had no significant effect on the
controlled T,.

Postural adjustments in an RF fieild can be used to
modify energy absorption, as well as the rate of heat
loss, resulting from an RF-radiation heat load.
Although rectal temperature was not measured, this
behavior may still be viewed as a form of behavioral
thermoregulation (Sec. 4.1.1.7). Monahan and Ho
(1977) exposed mice to 2450 MHz inside a waveguide
while measuring SAR. They found that at sufficiently
high intensities the mice would reduce their
absorption of RF power, presumabily by postural
adjustments. For example, at a T, of 30°C the percent
power absorbed did not decrease until SAR equalled-
or exceeded 25.8 W/kg. At a Ta of 20°C, changes in
RF absorption were not seen. until SAR equalled or
exceeded 43.6 W/kg.

Gage et al. (1979) monitored the orientation of mice
and rats exposed to 2450 MHz for 1 hinthe far field at
a power density of 15 mW/cm2. Depending on the
type of animal cage, by reorienting their position in
the RF field, mice could change their SAR by a ratio of
1:1.2 to 1:2. However, because of their large size
relative to the RF wavelength, the rats could not
change SAR by reorientation. At Ta's of 22 and 28°C,
exposure for 1 h elicited no significant change in
orientation for the mouse or rat (maximum SAR ~ 3.6
W/kg for rat and 11.1 W/kg for mouse). The lack of
effect in mice may be due to the relatively low
intensity of exposure. Monahan and Ho (1977} did not
observe a change in absorption until SAR equalled
25.8 W/kg at a Toof 30°C. The lack of effectin the rat
is probably due to the inability of this species to

Figure 4-19. Moean T, selected by one squirrel monkey exposed
to 2450-MHz RF radiation (data from Adair and
Adams 1980Db).
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reduce SAR regardiess of orientation in the far field at
2450 MHz.

4.1.2.5 Endocrine Systems

The thyroid and adrenal glands are two principal
endocrine glands that are highly sensitive to thermal
stimulation from RF radiation, as well as to other
sources of thermal stimuli. For example, reducing Ta
or direct cooling of the preoptic/anterior hypothalamic
area (POAH) leads to an increase inthe serum level of
thyroid-stimulating hormone (TSH) and thyroxine
(Gale 1973). Prolonged exposure to heat or cold leads
to hypertrophy of the adrenal cortex, along with
increased secretion of glucocorticoids. Local heating
of the POAH leads to arise or fall (species dependent)
in glucocorticoids and a rise in serum levels of
antidiuretic hormone. Hence, thermally sensitive
neurons in the POAH and perhaps other sites in the
CNS mediate some control over the thyroid gland,
pituitary gland, and the cortex of the adrenal gland
(Gale 1973).

Parker (1973) exposed rats to 2450 MHz at O and 15
mW/cm? for durations of 4, 16, or 60h ata T, 0f 22°C.
Plasma-bound iodine (PBIl) and thyroxine inthe serum
were significantly reduced at 15 mW/cm? for the 60-
h exposure {SAR ~ 5 W/kg, assuming a conversion
factor of 0.3 W/kg per mW/cm?; Durney et al. 1978).
These parameters were not affected at 10, 20, or 25
mW/cm? for the 16-h exposures. Lu et a/. (1981)
found a decrease in serum TSH in the rat following
exposure to 2450 MHz for 1 hat 10mW/cm2ata Taof
24°C (SAR = 2.5 W/kg). The changes in serum
thyrotropin were significantly correlated with RF-
radiation effects on body temperature. Lueta/. (1977)
found decreases in serum thyroxine in rats after
exposure to 2450 MHz at 20 mW/cm2for4 or 8 hata
Ta of 24°C (SAR = 5 W/kg). There was a transitory
stimulation of thyroid function in rats exposed for 1 h
to 1 mW/cm? (SAR = 0.25 W /kg).

Lu et al. (1977) found an increase in serum
corticosteroid levels in rats exposed to 2450 MHz at
20 mW/cm? for 8 h (SAR = 5§ W/kg). Lotz and
Michaelson (1978) found a positive correlation
between serum corticosterone and colonic tempera-
ture in rats exposed to 2450 MHz for 30, 60, or 120 min
at a T. of 24°C. This relationship has also been
reported in humans exposed to extreme ambient heat
stress (Follenius et al. 1982; see Sec. 4.1.10). No
significant increases in plasma corticosterone for the
30- and 60-min exposures were observed below
power densities of 50 mW/cm2 (SAR ~ 8.0 W/kg).
However, the 120-min exposure elicited a significant
increase in plasma corticosterone at a power density
of 20 mW/cm? (SAR ~ 3.2 W/kg). Lu et al. (1981)
found a significant increase in plasma corticosterone
in rats exposed to 2450 MHz for 1 h at 50 mW/cm?
{SAR ~10.5 W/kg) and for 4 h at40mW/cm2(SAR ~
8.4 W/kg).
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Many of the above data indicate an accumulative
thermal effect of RF-radiation exposure on the activity
of the endocrine systems. The general trend is that
fonger exposure times are needed to elicit significant
changes i hormone levels as SAR is reduced. in
addition, the RF-radiation-induced activation of
thyroid and adrenal cortical systems is intimately
related to RF-radiation effects on body temperature.
In general, hormone levels in the blood increase or
decrease in unison with significant changes in core
temperature. RF-radiation effects on the endocrine
system are addressed in more detail in Sec. 5.7.1.

4.1.3 Body Temperature Regulation During RF-
Radiation Exposure

Referring to the heat balance equation in Sec.
4.1.1.2, it can be seen that when heat gain (from
metabolism or RF-radiation exposure) exceeds heat
loss there will be positive heat storage and,
consequently, an increase in average body tempera-
ture. Note the use of the term “‘average body
temperature,” meaning the average temperature of
all tissues in the body (Sec. 4.1.10). Changes in the
average body temperature represent imbalances
between heat gain and heat loss that cannot always
be detected by measuring rectal temperature alone.
For example, rectal temperature may remain fixed
while subcutaneous temperature increases and
results in an increase in the average body tempera-
ture. ‘

In a steady-state condition during RF-radiation
exposure, if the thermoregulatory effectors described
above (blood flow, evaporation, and behavior) cannot
dissipate the RF heat load, then the average body
temperature will rise. If we assume that during
temperature regulation deep-body temperature (e.g.,
rectal, colonic, or core) should be regulated within a
restricted range {see Glossary), in a first approximation,
it can then be said that when the core temperature
rises above the normal mean temperature by at least
one standard deviation {defined as hyperthermia by
Bligh and Johnson 1973) the regulatory system is no
longer capable of maintaining the regulated variable,
core temperature, within normal limits. However, this
conservative view of defining the characteristics of
the regulatory system may need to be compromised
because of peculiarities of temperature regulation
during RF-radiation exposure (see below).

- Principal factors that influence the ability of a species

to thermoregulate {i.e., maintain core temperature
within one standard deviation of the normal mean
level) during RF exposure are (i) species characteristics,
{ii) degree of restraint, (iii) wake-sleep state (including
anesthesia), (iv) ambient temperature, (v) relative
humidity, and (vi) air velocity. Certain species are
better able to maintain a constant body temperature
in warm environments than others. For example, in
hot desert conditions a rodent weighing 100 g would



have to dissipate 15 percent of its body weight in
water per hour to thermoregulate, whereas a 70-kg
man need only evaporate 1 to 2 percent per hour.
Since a water loss of 10 to 20 percent per hour is
lethal, small rodents in the desert burrow in the earth
to avoid the heat during the day, whereas relatively
large homeotherms, such as the human, can survive
direct exposure from the desert heat (Schmidt-
Nielsen 1964). Based on these examples one would
predict tremendous species differences in thermo-
regulatory capacity during RF-radiation exposure.
However, there are problems in relating ambient heat
stress to RF-radiation heat stress (Sec. 4.1.4.3).

Restraint has a large impact on the ability to
thermoregulate. Restrained animals have a reduced
thermoregulatory capacity (e.g., Frankel 1959). The
effect of anesthesia on thermoregulatory capacity
at different ambient temperatures has already been
discussed (Sec. 4.1.1.8). Generally, anesthetics
reduce the ability of homeotherms to defend body
temperature in the heat and cold.

Ambient temperature (T,), relative humidity (RH), and
air velocity (V) affect the capacity of homeotherms to
thermoregulate. As T, increases, the temperature
gradient between the skin and air is reduced, thereby
causing a reduction in passive, nonevaporative heat
loss. Thus, with increasing T, homeotherms rely
more on evaporative heat loss to balance heat gain
and heat loss. The efficiency to evaporate is
dependent on the partial pressure of water in the air
(which is, of course, related to RH). The ability to
evaporate water from a surface is reduced as the
partial pressure of water of the surrounding air
increases.

4.1.3.1 Mouse

CD-1 mice exposed 100 min to 2450 MHz (far field) at
28 mW/cm2(SAR ~22.2W/kg)at Ta=20°C andRH =
50 percent underwent a 0.8°C increase in rectal
temperature, when compared to the post-treatment
shams (Berman et a/. 1978). AJ mice restrained in a
waveguide and exposed for several minutes to 2450
MHz at a T of 32.5°C (dry air) underwent an abrupt
increase in colonic temperature at SARs of 20 to 205
W/kg (Gordon and White 1982). The rate of body
heating was 0.021°C/min per W/kg increase in SAR.

Gordon (1982d) exposed hypothermic (body temper-
ture equailed 17 to 30°C) CD-1 and AJ mice to very
intense 2450-MHz radiation inside a waveguide at
SARs of 200 to 1800 W/kg. The resultant warming
rate of colonic temperature of the restrained mice
ranged from 0.05 to 0.65°C/s. Provided that body
temperature did not exceed the lethal limit (~ 43°C)
the mice could survive any warming rate up to
0.65°C/s. Thus, the rate of warming does not affect
the tissue per se, but it does have a large impact on
the degree of activation of thermoregulatory effectors
{Secs. 4.1.2.1 and 4.1.2.2),

Smialowicz et al. (1981b) used a unique form of
hypothermia as an assay for detecting the thermal
effects of low level RF-radiation exposure. Below the
thermoneutral zone, mice injected intraperitoneally
with 5-hydroxytryptamine (5-HT) became hypothermic,
the decrease in body temperature being inversely
related to T, (Figure 4-20). The 5-HT-induced
hypothermia was attenuated in a dose-related
response by exposure to 2450-MHz radiation at 1 to
10 mW/cm2. The linear regression of colonic
temperature after 5-HT vs. T, calculates to a slope of
0.30°C colonic temperature/°C T,. Plotting the 5-HT
colonic temperature against power density yields a
slope of 0.15°C colonic temperature/1.0 mW/cm?2.
Dividing the T, response by the RF-radiation
response, we obtain

Figure 4-20. Effects of 5-HT injsctions on mice (dsta from
Smislowicz et al. 1981b). (a) Linear regression of
colonic temperature after an intraperitoneal injec-
tion of 6-HT at various T.’s. The drop in bady
temperature increases with decreasing T.. (b)
Linear regression of 5-HT-induced hypothermia
for various power densities at 2450 MHz. Similar
to ambient temperature, the magnitude of hypo-
thermia is less with an increasing power density.
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That is, for the mouse a 2-mW/cm? increase in the
power density {2450 MHz) is equivalent to a 1°C
increase in T, when tested at a T4 of 22°C. This study
is one of the very first attempts to relate ambient
temperature and RF-radiation exposure.

4.1.3.2 Hamster

Berman et al. (1982) exposed Syrian (Golden)
hamsters to 2450-MHz (CW, far field) at a 22°C T.and
50-percent RH. The change in rectal temperature
before and after 100 min of exposure was -0.8°C +
0.4 at 0 mW/cm2, -0.4°C + 0.5 at 20 mW/cm? (SAR
~ 6 W/kg), and + 0.8°C + 0.7 at 30 mW/cm? (SAR
~ 9 W/kg). Considering just the rectal temperatures at
the end of RF-radiation exposure, an SAR of 9 W/kg
induced a temperature of 39.8°C, compared with
38°C for the controls.

0.30

=2 mW/cm2/°C
0.15

4.1.3.3 Rat

-A majority of the data on temperature regulation
during RF exposure has been collected from rats.
Phillips et al. (1975b) measured colonic temperature
in restrained rats immediately after they were
exposed to 2450 MHz at a T. of 24°C for 30 min.
Colonic temperature was elevated by 0.6°C and
0.7°C immediately after exposure to 4.5 and 6.5
W/kg, respectively. Immediately after exposure to
11.1 W/kg, core temperature was 1.7°C above the
control group. Within 30 min after RF-radiation
exposure the colonic temperature of all exposed
groups had returned to the unexposed level.
However, during the course of recovery (over 5 h) the
colonic temperature of the exposed animals

undershot the control group. For example, the colonic .

temperature of the 11.1-W/kg group was nearly 1°C
below the controls 2 h after the termination of RF-
radiation exposure.

Several investigators have measured rectal or colonic
temperature of unrestrained rats following RF-
radiation exposure. Berman et a/. (1981) exposedrats
to 2450 MHz for 100 min (T, =22°C, RH =50 percent)
at a power density of 28 mW/cm2(SAR ~ 4.2 W /kg)
and found colonic temperature to increase from 38.2
to 40.3°C. Berman and Carter (1984) exposed
unrestrained rats to 2450-MHz RF radiation for 100
min (Ta=22°C, RH =50 percent) to 40 mW/cm2(SAR
~ 6.0 W/kg} and found an increase in colonic
temperature from 37.6 to 39.6°C. Lotz and Michaelson
(1978) found a significant increase in colonic
temperature (0.27°C) of unrestrained rats following a
30-min exposure to 2450 MHz at a power density of
13 mW/cm2(SAR ~ 2.1 W/kg) at a T.0f 24°C andRH
of 40 to 60 percent. Increasing the duration and
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power density led to a further increase in colonic
temperature. From the same laboratory, Lu et al/.
{1977) found a 0.7°C increase in colonic temperature
after 120 min of exposure to 2450 MHz (T.=24°C, RH
=40 to 60 percent) at a power density of 20 mW/cm?
(SAR ~ 5.0 W/kg). Under similar environmental
conditions, Lu et a/. (1981) found a significant (0.5°C)
increase in colonic temperature after 60 min of

.exposure to 2450 MHz at a power density of 20

mW/cm? (SAR ~ 4.2 W/kg).

D'Andrea et al (1977) found a significant rise in
colonic temperature (—~ 0.04°C/min) in unrestrained
rats (Ta=21°C, RH = 27 percent) exposed to 600 MHz
for 55 min at a power density of 10 mW/cm2 but not
at 7.5 mW/cm? (SAR ~ 7.5 and 5.7 W/kg,
respectively). In the same study, rats were exposed to
RF frequencies of 400, 500, 600, and 700 MHz at a
power density of 20 mW/cm? while the rate of
increase of colonic temperature was measured. A
frequency of 600 MHz was found to have the greatest
thermal effect. Changing frequency in 100-MHz
increments above or below this point resulted in
lower rates of warming. Thus, 600 MHz appearstobe
the resonant frequency for the rat (body weight ~ 350
g). The Radiofrequency Radiation Dosimetry Handbook
(Durney et al. 1978) also predicts 600 MHz to be
resonant for the rat, as based on a prolate spheroid
model.

Phillips et al. (1973) assessed the effects of repeated
RF-radiation exposure on metabolic rate and on skin
(tail) and colonic temperature immediately after a 30-
min exposure to 2450 MHz at an SAR of 11.1 W/kg.
One group of rats was exposed for 10 days to 30
min/day of 2450 MHz (11.1 W/kg). The control group
was subjected to 9 sham exposures followed by a 30-
min exposure to 2450 MHz on the 10th day. The
group that was exposed every day showed acclimation
to RF-radiation exposure. For example, the group
exposed only once to RF radiation had a 3.9°C
elevation in colonic temperature, whereas the group
exposed to RF radiation on 10 consecutive trials had a
temperature elevation of 3.1°C. Skin temperature
and colonic temperature followed similar patterns.
Both rat groups had similar depressions in metabolic
rate following exposure. This study shows that rats
can apparently acclimate to repeated exposures of
2450 MHz. Acclimation to RF-radiation exposure
appears to enhance heat-dissipatory mechanisms,
since the acclimated group had a lower body

. temperature following exposure.

The variability in temperature regulation of rats
reported in the above studies is of interest. At 2450
MHz Berman et al. (1981) found a 2.1°C rise in
colonic temperature after 100 min of exposure at 4.2
W/kg, whereas Lu et al. (1977), using similar
environmental conditions, found that a 120-min
exposure to 5.0 W/kg led to only a 0.7°C increase in
colonic temperature. D’Andrea et a/. (1977) did not -



observe significant colonic warming at 600 MHz until
SAR equalled 7.5 W/kg. The variation in methodology
(e.g., airflow, degree of restraint, animal training)
used at different laboratories appears to have a large
impact on the results of temperature regulation
during RF-radiation exposure.

4.1.3.4 Rabbit and Dog

Ely and Goldman {1956) exposed restrained rats,
rabbits, and dogs to 2884-MHz (PW) radiation. A
rectal thermistor probe was connected 1n a closed-
loop feedback to the RF generator such that the
average power for maintaining rectal temperature at
a given level could be constantly delivered to the
animal. They found for each species that a power
density of ~ 25 mW/cm? was required to maintain
rectal temperature 1°C above normal. At this power
density the estimated SAR was 5.0 W/kg for the 0.2-
kg rat, 1.6 W/kg for the 4.0-kg rabbit, and 0.9 W~ kg
for the 10-kg dog. This SAR value for a 1°C rise inthe
temperature of the rat is similar to the data obtained
at 2450 MHz that have been reported more recently
by other investigators. (See citations above.) It should
be noted that the metallic temperature probe may
have affected the measurement of rectal temperature
in the rat {Ely and Goldman 1956).

Michaelson et al. (1961) exposed confined dogs to
2790 MHz (PW) while recording rectal temperature
ata Taof 23 t041°C. Exposure for 1 to 2 h at power
densities of 100 or 165 mW/cm? (SAR ~ 3.7 10 6.1
W/kg) caused elevations in rectal temperature of
approximately 1.5°C at a T, of 22°C. The change in
rectal temperature with time had three principal
phases (Figure 4-21): (l) during the first 25 min of
exposure the rectal temperature rose rapidly, with the
dogs increasing their ventilatory frequency (panting);
() for the next ~ 40 min rectal temperature was
relatively constant at the hyperthermic level; and (lll)
after approximately 1 h of exposure there was a
breakdown in the capacity of the dogs to dissipate
heat, and rectal temperature increased rapidly,
approaching lethal limits. Anesthetizing the dogs
with pentobarbital sodium or chlorpromazine greatly
reduced the capacity to maintain body temperature
during RF-radiation exposure. (See also Eiy et a/
1964).

The response of RF-exposed dogs to have a relatively
constant but hyperthermic body temperature (Phase
Il; see Figure 4-21) might suggest that the animals are
thermoregulating normally since.rectal temperature
is maintained at a steady level below lethal limits.
However, as discussed at the beginning of this
section, when core temperature exceeds the normal
mean by more than 1 standard deviation, the animal
is classified as hyperthermic. Conservatively, one can
view any increase in body temperature that occurs
during Phase Il as a failure to maintain normal body
temperature; however, the rise in body temperature
may also be viewed as a response of the dog to better

Figure 4-21. Example of the triphasic rectal temperature
response of a dog exposed to 2790-MHz RF
radiation at a power density of 165 mW/cm?
(data from Michaeison et a/. 1961).

@ Initial Heating

® increased
Respiratory Rate

® Decreased Depth

® Panting

® Thermal Equilibrium @ Breakdown
in Thermal
Equilibrium

® Collapse

431 165 mW/cm? 2790 MHz

Rectal Temperature, °C
8§ & R’

w
w

w
[+ ]

5 15 25 35 45 55 65 75 85

Time, min

survive the thermal etffect of RF-radiation exposure.
For example, if the average body temperature of a 10-
kg dog is allowed to rise by 2°C, a considerable
amount of water is saved that would normally be used
to dissipate the additional heat. The water savings
would be calculated as:

Water saved (g) = (A?,,) (Specific heat of body) (body mass)
latent heat of vaporization

Thus, the approximate amount of water saved would
be

Water saved ={2°C) (3.47 J/9/°C) (10,0009) = 5g 4
2426 J/g

This concept is introduced here only to show that
seemingly clear terminology such as “‘hyperthermia’’
and “regulation” vs. “failure of regulation” may
become obscure. In other words, a rise in body
temperature during RF exposure may not necessarily
be classified as a failure of regulation but rather a

-normai response of the animal that occurs during

heat stress. This phenomenon has been well
documented in water-deprived camels exposed 10
desert heat (Schmidt-Nielsen et a/. 1957).

4.1.3.5 Primate (infrahuman)

Work on primates has been restricted primarily tothe
squirrel monkey and rhesus monkey. De Lorge (1979)
showed a linear relationship between the logarithm

4-21



of power density at 2450 MHz to achieve a 1°Crisein
rectal temperature of the rat, squirrel monkey, and
rhesus monkey and the logarithm of body mass (cf.
Figure 4-13). The approximate SAR was 5.8 W /kg for
the rat, 2.5 to 4.5 W/kg for the squirrel monkey, and
4.7 W/kg for the rhesus monkey (Ta = 22.5 1o 24°C).
Adair and Adams (1982b) found very slight increases
in rectal temperature of squirrel monkeys exposed to
2450 MHz at SARs from 1.5 to 3.0 W/kg (initial T~
35°C). However, in these experiments the monkeys
could control their T.. The animals appeared to
counter the rise in core temperature by selecting a
cooler T,.

Lotz and Podgorski (1982) recorded rectal temperature
in restrained rhesus monkeys exposed for 8 hto 1290
MHz at power densities of 0, 20, 28, and 38 mW/cm?
(SAR ~ 0 to 4.1 W/kg) at a T, of 24°C and RH of 55
percent. Rectal temperature increased an average
0.5°C at 2.1 W/kg, 0.7°C at 3.0 W/kg, and 1.7°C at
4.1 W/kg. It is of interest to compare these results to
that of the de Lorge (1979) experiment with monkeys
working for food at a frequency of 2450 MHz. At 2450
MHz and a T, of 24°C, a 1°Crise inrectal temperature
of the rhesus monkey was observed at an SAR of ~
4.7 W/kg (de Lorge), compared with a 1.7°C rise
when exposed to 1290 MHz at 4.1 W/kg (Lotz and
Podgorski).

Lotz (1982) compared-the effects of 225-MHz (near
resonance) and 1290-MHz (supraresonance) RF-
radiation exposure on the rectal temperature of
rhesus monkeys at a T, of 24°C. Monkeys were
generally exposed for 4 h at either frequency. At 1290
MHz a 0.5 to 0.6°C rise in rectai temperature was
achieved at a power density of 28 mW/cm? (3.0
W/kg). During exposure to 225 MHz, a similar rise in
rectal temperature was achieved at a power density
of only 2.5 mW/cm? (1.2 W/kg). Thus, as the
frequency approached resonance the efficacy toraise
rectal temperature of the rhesus monkey improved.

Overall, for the rhesus monkey at 2450 MHz, rectal '

temperature rose 0.21°C per W/kg increase in SAR; at
1290 MHz the conversion factor was 0.24 to 0.41°C
per W/kg; and at 225 MHz the conversion factor was
0.45 to 0.78°C per W/kg increase in SAR. it was
estimated that the rhesus monkey could not
thermoregulate within reasonable limits (42°C rectal
temperature) for longer than 1 h at an SAR of 2.4
W/kg at a frequency of 225 MHz.

4.1.3.6 Lethality

Heretofore this section has discussed the following
points: (i) relatively low levels of RF-radiation
exposure lead to the activation of thermoregulatory
effectors such as peripheral vasoditation, evaporation,
metabolism (decrease), and behavior (selection of a
cool T4), which together increase heat loss from the
body to the environment; and (ii) as the level of RF-
radiation exposure exceeds the capability of the
species to dissipate the RF heat load, heat gain
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exceeds heat loss, and there is a rise in average body
temperature. if the exposure reaches the level
whereby body temperature cannot be controlled, then
thermal death will occur. Therefore, it is appropriate
to review briefly the levels of RF-radiation exposure
that cause thermal death.

In general, the lethal core temperature of homeo-
therms is approximately 6°C above the average
normal core temperature (Table 4-2). These data are
derived from work done at high T,'s, not RF-radiation
exposure. The information is provided only to
familiarize the reader with the general upper limits of
body temperature of homeotherms.

Table 4-2. Approximate Normal and Lethal Core Tempera-
tures of Some Birds and Mammals*
Normai Core Lethal Core
Temperature Temperature
Animal {°C) (°C)
Marsupials 35-36 40-41
Eutherian mammals 36-38 42-44
Man 37 43
Birds, nonpasserine 39-40 46
Birds, passerine 40-41 47

*Compiled by Schmidt-Nielsen (1979).

-

Rugh et al. (1974) measured lethality in mice exposed
to 2450 MHz in a waveguide for various durations up to
5 min. The forward or incident power into the
waveguide was 7.37 W. Assuming an average
absorption efficiency of 42 percent (Ho and Edwards
1977). the estimated SAR was approximately 99
W/kg. The lethal dose, calculated in dimensions of
J/g body mass, was measured at various air
temperatures (15 to 40°C) and relative humidities(25
to 70 percent). The temperature-humidity index {THI)
was used to assess the influence of the interaction
between temperature and relative humidity on
lethality (THI = 1.41T + 0.1RH + 30.6). The lethal dose
at 2450 MHz varied from 20 to 77 J/g and was
inversely related to THI (Figure 4-22).

in a similar experimental protocol Rugh (1976b)
measured the lethal dose of RF radiation and the final
rectal temperature at the time of death in mice
exposed to 2450 MHz. The average lethal dose for 1-
month-old weanlings, 2-month-old animals, and
adults more than 12 months of age was approximately
40 to 45 J/g. The mean rectal temperatures at the
time of depth for maile and female mice of all ages was
46.6°C; however, in isolated cases, body temperature
rose as high as 50°C before death occurred. The
average lethal temperature is substantially higher
compared to previous reports (Table 4.2).

4.1.4 Effect of Body Size on Thermoregulatory
Sensitivity to RF Radiation

Few data exist on the whole-body thermoregulatory
effects of RF-radiation exposure in humans. Detailed



Figure 4-22. Etfect of an increasing THI on the lethal dose of
RF radiation {24560 MHz) in mice (data from Rugh

et al. 1974).
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information on the dose response of humans to whole-
body RF-radiation exposure may never be collected.
Thus, we must rely on data collected on laboratory
mammals.

Extrapolation of RF-radiation effects in laboratory
mammals to humans has been attempted (Michaelson
and Schwan 1973; de Lorge 1979; Ely et al. 1964). A
degree of uncertainty exists in predicting the
response of humans to RF-radiation exposure by
extrapolation from the known bioeffects data
collected in laboratory mammals. An obvious
disadvantage to such extrapolations is the large
difference in body size between experimental
mammals and adult humans. For example, the mass
of a laboratory rodent or a primate is 1.0to 3.4 orders of
magnitude smaller than the mass of a human
(assuming an average adult male human body weight
of 70 kg).

Iin many respects, the thermoregulatory physiologic
processes of laboratory mammals and humans differ
markedly. A prime example is the physiologic
mechanism of heat dissipation during thermal stress.
At high Ta's, primates rely principally on sweating to
dissipate excess body heat, whereas rodents are
unable to sweat but can dissipate heat through
insensible evaporative water loss from the skin and
respiratory tract (Sec. 4.1.1.6). Primates commonly
used for RF-radiation experiments, such as squirrel
monkeys (which sweat only on feet and hands) and
rhesus monkeys sweat when subjected to heat
stress, but these mammals are considerably smaller
than humans (~ 1 and 5 kg, respectively). Hence,
physiologic data collected on laboratory primates
during RF-radiation exposure may aid in predicting
human responses, but the dose-response differences
between humans and primates may be very large.

Computer models of the human response to RF-
radiation exposure are useful for estimating the
probable magnitude of the threshold SAR capable of
activating physiologic responses (Sec. 4.2). Modelers
attempt to compensate for the problems mentioned
above by using appropriate physiologic responses of
adult humans to heat stress, for which abundant data
exist, to calculate human responses to RF-radiation
exposure. The physiologic responses incorporated
into the computer models are those of humans
exposed to high Ta's and/or exercise, but not to RF-
radiation. Thus, these models can be used to
calculate a dose-response relationship to RF-
radiation exposure if the physiologic responses are
the same as those of humans subjected to natural
forms of heat stress (e.g., exercise and/or radiant or
convective heat). However, the similarity of response
between RF-radiation exposure and heat stress from
exercise or exposure to high T,'s is currently under
debate because of the uniqueness of RF-energy
absorption.

The purpose of this section is to demonstrate that a
comparative analysis of the bioeffects of RF-radiation
exposure on laboratory mammals may be useful in
predicting SAR thresholds for exposed humans, if the
effect is assumed to be due only to heating of tissue.
Heretofore, data on the physiologic and behavioral
effects of RF-radiation exposure have been presented
for various laboratory mammals with body masses
ranging from 0.02 to 7.0 kg, the largest body mass
being 350 times greater than the smallest. If a
relationship exists between an animal’s mass and its
sensitivity to thermalizing levels of RF-radiation, then
an analysis of the known physiologic effects and their
corresponding threshold SARs over such a wide span
in body mass should allow a reliable extrapolationto a
body mass of 70 kg. This would be an extrapolation of
only a tenfold increase in mass and could give an
estimation of SAR thresholds for humans.

4.1.4.1 Effect of Body Mass on Thermal
Physiology of Mammals

An animal’s weight, mass, and volume are propor-
tional to the cube of its radial dimension, whereas its
total surface area is proportional to the square of its
radial dimension (for discussion, see Schmidt-
Nielsen 1975). Thus, an animal’s total surface area
increases by approximately the 0.67 power with
increasing body mass. Also, the surface area:mass
ratio decreases logarithmically with increasing body
mass. A regression line based on mammalian body
mass vs. surface area/body mass has a slope of -0.33
(Figure 4-23).

The importance of the surface area:mass ratio in the
physiology of homeothermic animals can be
illustrated by comparing the metabolism of two
species with large differences in body mass, such asa
70-kg human and a 0.03-kg mouse. In Figure 4-23,

4-23



e s S e

Figure 4-23. Relationship between the surface area:body mass ratio and the body mass of various mammais (data from Altman and
Dittmer 1972). The solid line represents the same relationship for a sphere of density 1.0.
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the surface area:mass ratio of a 30-g mouse is
approximately 0.35 m2/kg, and that of a 70-kg human
is 0.025 m2/kg. If both species maintain the same
body temperature at a given T, then the rate of heat
loss from the body to the environment, normalized to
body mass, is expected to be 14 times greater in mice
than in humans. Thus, metabolic activity in most
mammails is inversely related to body mass.

The metabolic rate of mammals is a key example of a
physiologic function that decreases in activity with
increasing body mass. Studies on mammalian
metabolism have shown that the rate of heatloss as a
function of body mass does not follow the surface
area:mass relation intrinsically, but instead has a
slightly less steep slope of -0.24 (Schmidt-Nielsen
1975, see Figure 4-24). This significant discrepancy
between slopes has prompted numerous discussions
{for reviews, see Schmidt-Nielsen 1972 and Kleiber
1975). Regardiess of the difference in slopes, the
surface area:mass relationship has a direct effect on
many physiologic parameters inmammals regardless
of species.

4.1.4.2 Physiologic Effets of RF-Radiation:
Consequences of Body Mass

The metabolic rate vs. body mass curve in Figure 4-24
was calculated from the resting metabolic rate of
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mammals at a thermoneutral T, For the following
analysis, a 0.03-kg mouse anda 70-kg human are ata
thermoneutral T, (~ 30°C), and each has a constant
deep-body temperature of 37°C. Although the body
temperatures of these mammals may not be exactly
37°C. this approximation simplifies the following
general calcuiations.

At thermoneutrality, the metabolic rate is 9.0 W/kg for
the mouse and 1.39 W/kg for the human (Figure 4-
24). Thus, at the same T, these two species use very
different rates of energy production to maintain their
deep-body temperatures of approximately 37°C. This
difference in energy expenditure is due in large part to
the relatively farge surface area:body mass ratio of
mice compared to that of humans (Schmidt-Nielsen
1979).

If a mouse and a human are exposed to resonant RF
radiation (2450 and 80 MHz, respectively) at an SAR
of 1.0 W/kg, and both dissipate the excess heat load
with appropriate thermoregulatory responses, the
whole-body heat loss of the mouse will increase from
9.0 to 10.0 W/kg (an 11 percent increase), and the
human’s heat loss will increase from 1.39 to 2.39
W/kg (72 percent increase). Thus, based on the
percent change in whole-body heat loss, a small
mammal will be less affected by a given SAR than a



Figure 4-24.

Relation between metabolic rate and body mass of mammals (data from Schmidt-Nieisen 1975). All measurements

were made on resting animals under thermoneutral conditions.
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larger mammal. The 72-percent increase in a human
represents slightly less than a doubling of metabolic
rate.

The relation between body mass and percent
increase in heat loss necessary to maintain
normothermic temperature during exposure to RF
radiation at SARs of 0.1, 0.4, and 1.0 W/kg is shown
in Figure 4-25. An SAR of 0.4 W/kg represents the
recently suggested exposure guideline recommended
by ANSI (1982). Because of the logarithmic
relationship between surface area and body mass,
the percent heat loss increases exponentially with
body mass.

Data from exercise physiology research provide
valuable insight into the influences of body mass on
the threshold percent heat loss necessary for
activating a physiologic response. In a comparative
analysis of these data, Taylor (1977) calculated
the maximum rate of passive heat, or nonevaporative
heat, which mammals can dissipate as a function of
body mass. An inverse relationship was shown to
exist between body mass and magnitude of
nonevaporative heat loss (Figure 4-26). For example,
a 0.02-kg animal can dissipate 9 times its metabolic
heat production with nonevaporative heat loss,
whereas a 100-kg animal can dissipate only 4.5 times
its metabolic heat production (assuming a 20°C
gradient between body and ambient temperature). If
an increase in evaporative heat loss is used as a
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biological end point, the total heat loss of 0.02-kg
animal would have to exceed 90 W/kg before it was
observed, whereas that of a 100-kg species would
have to exceed only 6 W/kg. Of course, the thermal
load from exercise and RF-radiation exposure cannot
always be equated physically or physiologically.
However, Taylor’s analysis is presented here to show
that because of surface area:body mass relationships,
a small mammal can passively dissipate heat at a far
greater rate than a larger mammal. :

Ambient temperature is critical in determining a
homeotherm’s sensitivity to a heat load. For example,
at a Ta of 20°C, humans exercising at a work load of
40 W experience a 2.5-W/kg increase in heat
production (and loss) and a slight elevation in
evaporative heat loss. However, when the same work
is performed at 30°C, the increase in evaporative heat
loss is 5 times the magnitude of heat loss at 20°C
{Sec. 4.1.1.6).

It would not be surprising to find, given the above
analysis, that relatively high SARs are required to
promote a thermoregulatory response in small
experimental animals. Figure 4-27 is a plot of the
SARs necessary to either activate a thermoregulatory
effector or raise body temperature in the mouse,
hamster, rat, squirrel monkey, and rhesus monkey.
The data points essentially represent all the data
discussed in Secs. 4.1.1.1,4.1.2, and 4.1.3. The data
include SARs required to raise skin temperature,
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Figure 4-25. Relation between mass and percent increase in
whole-body heat loss necessary to maintain
normothermia in mammals exposed to RF radi-
ation at SARs of 0.1, 0.4, and 1.0 W/kg. The
calculations are based on the assumption of
resting metabolic rate at a thermoneutral T,, as in
Figure 4-24. Percent heat ioss was calculated as
[SAR/(SAR + metabolic rate)] X 100.
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Figure 4-26. Effect of body mass on the maximum rate of
nonevaporative heat loss relative to resting metab-
olism in mammals during exercise at a T, of 20°C
(data from Taylor 1977). The caiculations are
based on the assumption that thermal conduc-
tance is a constant 1 cal {cm? - h - °C)™".
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Figure 4-27. Relationship between SAR and T, on the activa-
tion of various thermoregulatory effectors and
elevation in body temperature in the mouse,
hamster, rat, squirrel monkey, and rhesus monkey
exposed to RF radiation. Data points represent
those discussed in Secs. 4.1.2 and 4.1.3. Expla-
nation of code: B—threshold for change in
preferred T,, BT—elevated colonic temperature
(0.3 to 2°C), C—elevated serum corticoids,
EWL—threshold for increasing evaporative water
loss, MR—threshold for lowering metabolic rate,
P—threshold for altering posture, PVMT—thres-
hold for aitering peripheral vasomotor tone (i.e.,
vasodilation), and VF—threshold for elevating
ventilatory frequency. Note logarithmic scale of
abscissa. RF—radiation frequency was 2450 MHz
for all species except rhesus monkey (1290 and
225 MHz).
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elevate evaporative water loss, lower metabolic rate,
alter behavioral temperature regulation, and raise
deep-body temperature by 0.3 to 2.0°C. The data are
also plotted as a function of the T, at which the
thermoregulatory parameters were mesured. A trend
is evident in Figure 4-27, despite the variations in Ta
and RF frequency; that is, the SAR required to activate
a thermoregulatory effector or raise body temperature

. decreases with. increasing mass of the species.

The lowest SAR shown in Figure 4-27 at which body
temperature of rhesus monkeys was elevated (Lotz
1982) is important because exposure occurred at a
near-resonant frequency of 225 MHz. Resonant
exposure, in which the energy is deposited very deep
in the body, may be a worst-case situation. Similar
SARs at a supraresonant frequency of 1290 MHz
caused less severe rises in body temperature of the
rhesus monkey. The mouse body temperature data in



Figure 4-27 were also collected at a near-resonant
frequency (2450 MHz). For a 0.03-kg mouse exposed
to resonant RF radiation at a T, of 22°C, an SAR of 22
W/kg was required to raise the body temperature 0.5
to 1°C. For a comparable temperature rise in a 4-kg
rhesus monkey at a T, of 24°C, an SAR of oniy 1.2
W/kg was required. Assuming that large species
follow a pattern similar to that of small species, an
animal having 17 times the mass of the rhesus
monkey (e.g., 70 kg, the mass of an adult human)
exposed to a resonant RF radiation would be expected
to undergo a similar rise in temperature at an SAR
less than 1.0 W/kg.

4.1.4.3 Relating Heat Stress from RF-Radiation
and Ambient Temperature Exposure

To some, there is a paradox in the hypothesis of the
foregoing discussion concerning an inverse relation-
ship that exists between body mass and the threshold
SAR for activation of a thermoregulatory response.
As mentioned earlier (Sec. 4.1.1.6), humans are well
adapted to warm environments and are able to
survive high Ta's much longer than smalier
homeotherms such as rodents, rabbits, and infra-
human primates. There is an abundance of research
on the functioning of humans in hot environments
(Dill et a/. 1964; Hardy and Bard 1974). However, one
must be very careful in relating the adaptability of
humans to survive high Ta's to that of thermoregulating
during RF-radiation exposure.

The problem with such a comparison is that the data
on human thermoregulation in hot environments are
reported in terms of T,(°C), relative humidity (percent),
wind velocity (m/s), etc. In the study of RF radiation
the whole-body dose rate is commonly measured in
W/kg. The dimensions °C and W/kg have no
relationship to each other. Simply stated, an RF-
radiation field represents a heat source (i.e., M
increases in the heat balance equation; see Sec.
4.1.1). On the other hand, increasing T, does not
represent a heat source (provided Ta is less than T,e)
but rather impedes the dissipation of metabolic heat
{i.e., raising T, lowers K, C, and R in the heat balance
equation). One can be misled by a prediction of an
animal’s response to a W/kg dose rate if the
prediction is based only on the animal’s response to
ambient conditions. For example, in Sec. 4.1.1.9 it
was shown that a human exposed to a very hot
environment of 55°C T, underwent a positive change
in the rate of heat storage of 0.6 W/kg. A smallrodent
could not possibly survive this T, exposure for very
long, mainly because its surface area/mass ratio is so
much larger than the human that the rodent will heat
at a tremendously faster rate. On the other hand, the
small rodent, because of the surface area/mass
relation, can tolerate a much larger dose rate of RF
energy (W/kg). A mouse with a body mass of 30 g has
a metabolic rate of 10 W/kg, which is more than 16

times greater than the increase in the rate of heat
storage of the human exposed to a T, of 556°C.

Another way of viewing this problem is to look at the
change in heat production during exercise. The
maximal increment in metabolism of mammals with a
mass of 0.018 to 25 kg is approximately 7 times
greater than the basal metabolic rate (Hart 1971).
Well-trained athletes can endure 10 times the basal
metabolic rate. This implies that the 0.03-kg mouse
can endure an overall increase of approximately 50
W/kg, which is 3 times greater than the maximal
increase of a well-trained athlete (~ 15 W/kg). Thus,
it is apparent that heat tolerance measured in °C (T,)
is not a valid indication of tolerance in terms of the
rate of tissue energy absorption by the whole body
(W/kg). The relationship in Figure 4-27 only affirms
this deduction. Small homeotherms generally have
much higher threshold SARs than larger species
during exposure to RF radiation.

4.1.5 Unresolved Issues

At least three major issues in thermal physiology
remain unresolved: (i) the effect of various thermal
environments (exogenous or endogenous) encount-
ered by most human beings that might affect their
sensitivity to RF-radiation exposure, (ii) the validity of
extrapolating the known bioeffects data in laboratory
animals to humans, and (iii) the effect of RF-radiation
frequency on thermoregulation. These issues are
discussed below.

(i) Elevating T. above thermoneutrality places a
greater strain on the capacity of the thermoregulatory
system to dissipate body heat. In such a situation an
organism’s normal thermoregulatory response to RF
radiation is compromised. Most of the data concerning
RF-radiation effects on thermoregulation have been
collected in experiments with animals at a T, below
their thermoneutral zone. At a Ta. below the
thermoneutral zone the thermoregulatory system has
a substantial capacity to dissipate the R